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In this review, we discuss recent developments in both the theory and the experimental
searches of magnetic monopoles in past, current and future colliders and in the Cosmos.
The theoretical models include, apart from the standard Grand Unified Theories, exten-
sions of the Standard Model that admit magnetic monopole solutions with finite energy
and masses that can be as light as a few TeV. Specifically, we discuss, among other scenar-
ios, modified Cho-Maison monopoles and magnetic monopoles in (string-inspired, higher
derivative) Born-Infeld extensions of the hypercharge sector of the Standard Model. We
also outline the conditions for which effective field theories describing the interaction of
monopoles with photons are valid and can be used for result interpretation in monopole
production at colliders. The experimental part of the review focuses on, past and present,
cosmic and collider searches, including the latest bounds on monopole masses and mag-
netic charges by the ATLAS and MoEDAL experiments at the LHC, as well as prospects
for future searches.
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1. Introduction
The existence of magnetic poles, that would “symmetrize” Maxwell’s equations of
electromagnetism, has always been an interesting subject that fascinated physicists
since the end of the 19th Century, although it was Dirac1,2 who put it in a modern
quantum field theory concept and demonstrated that the existence of magnetic
monopoles are consistent with quantum theory, provided a quantization rule is
valid that connects the magnetic with the electric charges, in a sort of weak/strong
coupling duality (electromagnetic duality). The existence of monopoles in Grand
Unified gauge Theories (GUTs), as the pioneering work of ’t Hooft and Polyakov3,4
has demonstrated, prompted Guth5 to discuss their dilution during the inflationary
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epoch of the Universe, as one of the fundamental problems that the inflationary
model would solve.
Despite extensive experimental searches, both of cosmic origin and at colliders,
the monopoles (and extensions thereof, such as dyons, carrying both electric and
magnetic charges, as suggested by Schwinger6) remain elusive. Unfortunately, in
Dirac’s model the monopole mass cannot be determined. This is because they are
merely treated as background sources of magnetic charge without further structure,
thus viewed as a new kind of elementary particles.7 On the other hand, in the context
of ’t Hooft-Polyakov model3,4 and its extensions to encompass modern non-Abelian
supersymmetric GUT gauge theories8,9 and references therein as well as strings,10 the
monopole mass was initially expected to be near the GUT scale with masses in
the ballpark of 1014–1016 GeV. This makes their detection in colliders practically
impossible,11 leaving as the only possibility the cosmic searches,12–14 even though
difficult, given their dilution during inflation, whose typical Hubble scale lies near
the GUT scale.
However, in the recent literature, there has been systematic attempts to reduce
such masses. Detailed models achieving this purpose do exist in several instances,
such as topological extensions of the Higgs sector of the Standard Model (SM) of
Particle Physics,15–17 or extensions of the SM by larger (grand unifying) groups
with specific breaking patterns to the SM group,18 by higher derivatives, say in the
hypercharge sector,19,20 or through embeddings in brane/string models.21–23 All
such models, as we shall discuss in this work, predict monopoles with masses as
light as a few TeV, thus susceptible to the production at current or future colliders.
Such models revived experimental collider searches for magnetic monopoles in recent
years. The latter, being highly ionizing particles, are searched for alongside other
such avatars of new physics.24
It is the purpose of this review, first to outline the latest developments in the
field, by presenting recent theoretical models predicting such light monopoles, and
then to discuss current searches, both cosmic and at colliders, by describing the state
of the art in search strategies and giving the most recent bounds on the monopole
mass, velocity and magnetic charge, consistent with the current data pointing to-
wards non-observation of magnetic monopoles so far. Detection prospects for future
experiments, both cosmic and terrestrial are also given, in view of novel techniques
and ideas that have been presented recently, such as thermal (Schwinger-like) pro-
duction of magnetic monopole–antimonopole pairs from the vacuum at finite tem-
peratures and/or strong magnetic fields (conditions characterizing neutron stars or
heavy-ion collisions25,26), as well as studies of experimental data on light-by-light
scattering at colliders.20 From such points of view, this review might then be con-
sidered as somewhat complementary to other excellent, and more detailed, reviews
existing in the literature on the theory and searches of magnetic charges,8,9, 14,27–29
where we refer the interested reader for further study.
The structure of the article is as follows. In Sec. 2 we give a brief historical
perspective of magnetic sources, which goes as far back as the end of the 19th Cen-
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tury. In Sec. 3 we discuss detailed theoretical models of magnetic monopoles which
imply topologically nontrivial solutions with structure, while Sec. 4 is dedicated to
the phenomenological implications of such models. Section 5 provides a brief re-
view of the monopole detection techniques. Sections 6 and 7 present a historical
account of experimental searches of monopoles, of cosmic origin and in colliders,
respectively. In the latter, emphasis is given to latest results from the Large Hadron
Collider (LHC)30 experiments ATLAS31 and MoEDAL.32 We describe search strate-
gies and experimental prospects for detection, distinguishing model-independent
searches of pointlike (Dirac) monopoles, without structure, but also without un-
derlying concrete theory, from structured solutions characterizing concrete models,
whose production at colliders is expected to be strongly suppressed. A summary
and an outlook with future prospects is given in Sec. 8.
2. Historical Overview
In the 1873 seminal work of Maxwell on the basic formalism (dynamical equations)
unifying Electricity and Magnetism, thus leading to the first (relativistic actually!)
Gauge Unified theory, that of Electromagnetism, magnetic monopoles did not ap-
pear in the magnetic Gauss’ law since Nature appeared to allow isolated electric
yet no magnetic charges. Nonetheless, the concept of a magnetic charge, that would
“symmetrize” Maxwell equations under an “electric–magnetic duality”, has puzzled
and simultaneously fascinated physicists as early as the end of the 19th Century.
Pierre Curie was the first to suggest (1894) the existence of a magnetic charge
and thus a magnetic current on grounds of symmetry of Maxwell’s equations.33
Soon after, Henri Poincare´,34 in an attempt to explain the result of the Birkeland
experiment35,36 (1896), namely the focusing of the cathodic beamsa in a Crook’s
tube in the presence of a magnet (see Fig. 1a), ascribed this effect to the force of a
magnetic pole at rest on a moving electric charge, thus postulating in a sense the
existence of magnetic monopoles (see Fig. 1b).
Indeed, the path (geodesic) of the electrons under the influence of such a force
lies on an axially symmetric Poincare´ cone, the symmetry axis of the cone being
the direction of the angular momentum of the electron (see Fig. 2). For an electron
of mass m, electric charge e and velocity ~v = d~rdt (with ~r the position vector), in
the presence of a magnetic field due to an isolated magnetic pole (at rest) with
“magnetic charge” g, the Lorentz force law
~Bmono = g
~r
r3
, (1)
implies an acceleration (in the non-relativistic case, as the analysis was carried out
before the discovery of special relativity by Einstein (1905), who, by the way, was
aThis is how physicists called the electrons at the time, since Thomson’s demonstration that
cathodic beams were electrons came a year later (1897).
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(a) Birkenland’s arrangement
(b) Poincare´’s case ⇒ isolated magnetic poles
Fig. 1. Schematic illustration of the Birkeland experiment (a) and Poincare´’s arrangement (b).
Poincare´ explained the focusing of the cathodic beam in a Crook’s tube in the presence of a magnet
making use of the geodesics of charged particles under the influence of a magnetic field due to an
isolated magnetic pole, which was formally similar to the one produced by a magnetic monopole.
motivated by the behavior of Maxwell’s equations in different frames):
d2~r
dt2
=
eg
mc
1
r3
d~r
dt
× ~r , (2)
where c is the speed of light in vacuo. The solution for the electron path ~r(t) as a
solution of (2) then leads to the conical geodesic demonstrated in Fig. 2, and thus to
an explanation of the focusing effect in the Birkeland experiment35,36 (see Fig. 1).
magne&c		
pole	
Fig. 2. The geodesics of charged particles (continuous and partially dashed curved lines) moving
under the influence of the magnetic field due to a magnetic pole lie on a cone, whose symmetry
axis coincides with the direction of the total angular momentum of the particles. Poincare´ used
this to explain the focusing of the beam in the arrangement of Fig. 1a.
As demonstrated by Thomson a few years later (1904),37 the total classical
angular momentum of the electron in this system is
~L = m~r × d~r
dt
− eg
c
~r
r
, (3)
where the last part on the right-hand side is the contribution due to the interaction
of the electron with the magnetic field pole, which is initially expressed as a volume
6 N. E. Mavromatos and V. A. Mitsou
integral involving the Poynting vector27
~Leg =
1
4pic
∫
d3r′
[
~r ′ × ( ~E × ~Bmono)] = − g
4pic
∫
d3r′
~r ′
r′
(
~∇′ · ~E
)
= −eg
c
~r
r
, (4)
where ~E denotes the electric field of the classical pointlike electric charge of the elec-
tron, and in (4) we used integration by parts, assuming vanishing fields at infinity,
as well as Maxwell’s equation to write ~∇′ · ~E = 4pieδ(3)(~r − ~r ′).
It is worth noting at this stage that by invoking the usual quantization rule of the
angular momentum for its electromagnetic field part (4), i.e. considering the case
where the electron and the magnetic monopole are both at rest, |~Leg| is required to
take integer or half-integer values:
eg =
n
2
~c , n ∈ Z . (5)
This is nothing other than the Dirac quantization condition (DQC) of the monopole
charge (!), derived by Dirac properly more than two decades later (1931), when
he presented his quantum (field) theory of relativistic electrons interacting with a
magnetic monopole source.1,2
Indeed, in Dirac’s theory,1,2 the magnetic monopole (corresponding, say, to the
“north magnetic pole”) finds itself at one end of an infinite solenoid which carries
away the magnetic flux (Dirac string).b In Dirac’s theory, the magnetic monopole is
viewed as a new elementary particle and the associated Dirac string is not physical,
which means that as one goes around it, the (static part of the) quantum wave func-
tion ψ(~r) of the electron in the static magnetic field of a monopole should be single
valued. Dirac associated the magnetic field pole with a singular electromagnetic
potential ~A, using the standard definition:c
~Bmono = g
~r
r2
= ~∇× ~A(~r) , (6)
which in general would lead to multivaluedness of the electron wave function, due to
the singular nature of ~A at r = 0 (monopole center). In fact, it can be easily seen27
bAt this stage we remark that, to make contact with Maxwell’s theory, in which an isolated
magnetic pole cannot exist, one might think of the monopole solution as an extreme case of a
magnet, in which formally an antimonopole (“south pole”), with opposite-sign magnetic charge,
lies on the other end of the solenoid at spatial infinity, and thus out of experimental reach, so
the magnetic lines emanating from the monopole end on the antimonopole at infinity. This is a
set up which allowed condensed matter physicists to talk about construction of “Dirac monopoles
in spin-ice materials”38 by properly creating (through magnetic frustration) “magnetic-pole-like”
quasiparticle excitations at the ends of magnetic dipoles (defect–antidefect pairs), separated by
relatively large Dirac-like magnetic flux tubes. However, this is not the picture envisaged by Dirac.
Such spin-ice monopoles are not fundamental magnetic monopoles, given that the Dirac string in
the latter is not physical, which leads to the DQC (5). For a recent article making clear this
distinction, see Ref. 39.
cFrom now on, unless otherwise stated, we work in units where ~ = c = 1, and the electric constant
(permittivity) of the vacuum is 4pi0 = 1.
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that the solution for ~A(~r) in (6) is proportional to a singular gauge transformation
U
~A(~r) = (1 + cos θ)
i
e
U−1~∇U, U = e−iegφ , (7)
where θ, ϕ are appropriate spherical polar angles. This potential has a singularity
along the Dirac string (in the positive z semi-axis, say), which needs to be properly
regularized. In doing so,27 one obtains, instead of (1), a regularized magnetic field
for the monopole
~Bmono-reg = Bmono +Bsing ≡ g ~r
r3
− 4pig η̂ θ(z)δ(x)δ(y) , (8)
where the unit vector η̂ = (0, 0, 1) is directed along the z axis (parallel to the
Dirac string) and θ(z) denote the Heaviside function. The importance of using
the regularized ~Bmono-reg field is that the resulting flux of this field over a closed
surface (with the monopole at the center ~r = 0) vanishes, as a consequence of a
cancellation of the respective contributions from the two terms in the right-hand
side of (8), which is a self-consistent result.
We next observe that, as one goes around the Dirac string in a close loop `,
at radial distances r far away from the monopole center, the wave function of the
electron changes by a phase as
ψ(~r)→ ψ(~r) exp
(
ie
∮
`
~A · d~x
)
= ψ(~r) exp
(
ie
∫
σ(`)
dσ ·Bsing
)
, (9)
where Bsing is the singular part of the magnetic field of the monopole defined in (8),
and we used Stoke’s theorem, with σ(`) a surface that has the loop ` as a boundary.
From (8) we obtain e~c
∫
σ(`)
dσ ·Bsing = 4pieg, and thus, singlevaluedness of the wave
function in (9), that is the requirement that e~c
∮
`
~A · d~x = 2pin, n ∈ Z, implies the
DQC (5).
For completeness and future use, we now mention that one may write (5) as:
e2g
~c
=
n
2
e, n ∈ Z =⇒ g = 68.5en ≡ gDn , n ∈ Z, (10)
where
gD ≡ e
2α
= 68.5e, (11)
is the so-called fundamental Dirac magnetic charge unit, with the quantity α ≡ e2~c =
1
137 denoting the fine structure constant of electromagnetism, at zero energy scale
(in units in which the permittivity of the vacuum is 0 =
1
4pi ). As a consequence
of the rule (5), we observe that the existence even of a single magnetic monopole
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in the whole Universe would explain the observed electric charge quantization in a
fundamental way.d
The presence of the (non-local) Dirac string singularity, even if invisible after the
DQC (10), has important consequences when one attempts to formulate effective
field theories for magnetic monopoles. As we shall discuss later on in the review, its
presence leads to apparent Lorentz-invariance violations, when one is calculating,
for instance, the scattering of an electric charge off a magnetic monopole via a one-
photon-exchange graph.40 To avoid using Dirac strings, Zwanziger41 developed a
two-potential formulation of a classical field theory for magnetic monopoles.
Wu and Yang,42,43 developed an elegant pointlike magnetic monopole solution
of the field equations for the SU(2) Yang-Mills gauge theory, without Dirac strings.
The solution is characterized by a spherically symmetric magnetic field, which for all
distances r measured from the origin, where the monopole is located, is given by the
form (1). This solution is based on differential geometry concepts that characterize
gauge theories. To arrive at their string-less construction, Wu and Yang exploited
the fact that the direction of the Dirac string is ambiguous, in the sense that it is de-
fined only up to a gauge transformation. In this sense, one can avoid the Dirac-string
singularity by parametrizing the three-space surrounding the monopole, excluding
the origin, R3/{0}, by two overlapping hemispheres, a northern RN and a southern
RS (see Fig. 3). The “equator” is defined as the overlap region RN ∩ RS. Gauge po-
tentials are well defined on the hemispheres, and are regular on the equator, where
they are connected through non-Abelian gauge transformations. Wu and Yang also
proposed a classical Lagrangian for describing the non-quantum-mechanical inter-
action of their monopole with a pointlike charge via the electromagnetic field, where
any strings are absent.44
There is a subtlety, however, in the non-Abelian Wu-Yang monopole, in that its
magnetic charge cannot be easily identified. Being a solution of a pure Yang-Mills
gauge theory, without a Higgs field, it does not possess a topological charge that
could be interpreted as a magnetic charge, in contrast to the ’t Hooft-Polyakov
monopole,3,4 as we shall discuss later. Another subtlety, which was recognized by
Wu and Yang themselves,42 concerns the non-satisfaction of the Bianchi identity
for the electromagnetic field strength at the origin, which would imply that the
corresponding gauge field does not behave as a proper gauge field there.
Such subtleties have only been partially addressed in the past45 and it is only
recently that the authors of Ref. 46 provided a resolution of the Bianchi identity
issue via the postulation of a magnetic point source at the origin. The latter is
required for the existence of well-defined solutions of the pertinent Yang-Mills dif-
ferential field equations everywhere in space. By “regularizing the singularity” of the
Wu-Yang monopole at the origin, through appropriate application of distribution
dOf course, the latter property might also be a consequence of some group structure of a GUT
without monopoles, which the Standard Model of Particle Physics is embedded to, although stan-
dard GUTs are known to contain monopoles, as we shall review below.3,4
Magnetic Monopoles Revisited 9
z
x
y
RN
RS
equator
O
ε→0+
Fig. 3. Patchwise coverage of the three-space R3/{0} surrounding a Wu-Yang magnetic monopole,
located at the origin O. The gauge potentials A are well defined on each patch (AN in red and AS
in blue) and on the equator (black band) RN ∩ RS (of width ε → 0+), where they are connected
to each other by a gauge transformation.
theory to the Yang-Mills SU(2) system, these authors also managed to identify a
dynamically conserved non-vanishing magnetic charge. Indeed, they demonstrated
that the magnetic field B of the Wu-Yang monopole solution of the Yang-Mills
theory should satisfy
~D ·B = −1
e
~r · ~T
r3
δ(r). (12)
In the above formula, δ(r)/r2 denotes the radial part of the three-dimensional δ-
function distribution δ(3)(~r); T i, i = 1, 2, 3, are the SU(2) generators; Dµ(. . . ) =
∂µ(. . . ) + ie[Aµ , . . . ] is the SU(2) gauge covariant derivative; and e is the SU(2)
coupling, which, as evidenced from (12), plays the role of the “electric” coupling,
and its inverse is proportional to the magnetic charge, satisfying the DQC (10).
The magnetic field B is defined through Bi = − 12ijk F jk, i, j, k = 1, 2, 3, where
ijk is the totally antisymmetric symbol in three dimensions, 123 = +1, etc., and
Fµν = ∂µAν − ∂νAµ + i e[Aµ, Aν ] is the SU(2) Yang-Mills strength.
It is important to note that, in order to arrive at (12), the authors of Ref. 46 made
use of the so-called integral form of the Yang-Mills equations,47,48 which involve
a second type of a “global magnetic field”, BWi , in addition to the local one Bi
mentioned above. The “global” field BWi is defined through Wilson loop operators
W , BWi = W BiW
−1, i = 1, 2, 3, where W is defined on a path originating from a
reference point in space and ending at the point where Bi is evaluated. It is the use
of this global field that helps identifying a magnetic charge for the non-Abelian Wu-
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Yang monopole. It is not possible to identify the magnetic charge of the non-Abelian
Wu-Yang monopole using only the local form of the magnetic field Bi. One has to
use the definition of dynamically conserved charges that appear in the integral form
of the Yang-Mills equations, which then reduce to the form (12), after appropriate
regularization, using distribution function theory.
To demonstrate the basic features of the Wu-Yang solution, and the way the
DQC (10) arises, once a magnetic charge is defined, it suffices to consider explicitly
the Abelian version of the Wu-Yang monopole,43 where the magnetic charge defi-
nition is straightforward.27 In that case, the magnetic field assumes the radial form
(1) at any point in space, at distance r from the origin, and thus it is singular at
the origin. As already mentioned, the electromagnetic potentials are well defined
separately on each of the two hemispheres of Fig. 3 (AN, AS), and they are also
regular in the overlapping region, RN ∩RS, where they are connected to each other
by a gauge transformation.
The DQC for the Abelian Wu-Yang monopole is obtained27,43 by noting that
the wave function of an electron with charge e, in the presence of a point source
for the singular magnetic field (1), is defined patchwise. Considering a closed loop
` that lies entirely in the “equator region” of Fig. 3, the phase of the electron wave
function is e
∮
`
d` ·AS,N. By applying Stokes’s theorem in each patch, we may write
(taking into account the opposite orientation of the normal vectors of the surface
elements dS of the two hemispheres) :
e
∮
`
d` ·AN = e
∫
RN
dS · (∇×AN) = e
∫
RN
dS ·B,
e
∮
`
d` ·AS = −e
∫
RS
dS · (∇×AS) = −e
∫
RS
dS ·B, (13)
where B is the magnetic field of the monopole. The action S is therefore defined up
to a term
∆S = e
∫
RN∪RS
dS ·B =
∫
V
d3r∇ ·B = 4pieg, (14)
where in the last two equalities we used Gauss’s law over the entire space volume
V , and Maxwell’s equations for the magnetic field (1) generated by the monopole.
Dirac’s charge quantization rule (10) is then obtained by requiring that the action
change (14) should not affect any physical observables, which means that one must
have (in units ~ = 1): ∆S = 2pin, n ∈ Z. Alternatively, one may arrive at the
same result by considering the gauge dependence of the electron wave function in
a monopole field.27,43
Schwinger postulated in 1969 the existence of dyons, which are hypothetical
elementary particles that carry both electric and magnetic charge.6 As Schwinger
demonstrated, a system of two dyons, with electric and magnetic charges qe i, and
gmi, i = 1, 2, respectively, is consistent with quantum mechanics if the following
(Schwinger) quantization rule for the charges is obeyed:
qe1 gm2 − qe2 gm1 = −m′ , m′ ∈ Z. (15)
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Notice that the dyon has a fundamental magnetic charge twice the Dirac charge
2gD. A dyon with a zero electric charge yields the magnetic monopole, while a dyon
with zero magnetic charge corresponds to an ordinary electrically charged particle.
However, in such a case, to obtain the DQC (5) from (15) one has to take m′ half
integer. In this review, we shall restrict ourselves to magnetic monopoles and shall
not discuss dyons in detail.
Unfortunately, in Dirac’s or Schwinger’s models, the mass and spin of the mag-
netic monopole or dyon cannot be estimated, given that the respective configuration
is viewed only as a source for the singular magnetic field, with no attempt to dis-
cuss detailed dynamics. Knowledge of the monopole or dyon mass is an essential
missing ingredient in order to assess the producibility of such objects in principle
at colliders.28
’t Hooft and Polyakov (in 1974),3,4 independently, were the first to give such a
microscopic derivation of a monopole solution within the context of concrete gauge
theories with simply connected gauge groups, in the presence of Higgs fields, and
explain the topologically nontrivial nature of their solutions. Such monopoles have
structure and exhibit quite interesting properties, especially if embedded in super-
symmetric theories, where some exact results can be derived.8,9 It is the point of
this work to review briefly such microscopic constructions, giving emphasis to those
aspects relevant for experimental searches. ’t Hooft-Polyakov monopoles character-
ize GUT models, and as such have masses near the GUT scale, outside the reach
of colliders, thus susceptible only to cosmic searches. However, recently, attempts
to lower significantly their scale within appropriate GUT models have been consid-
ered.18 Then we shall move on to discuss other detailed solutions predicting light
monopoles with masses that can be sufficiently light (e.g. at TeV scales) so as to be of
relevance to colliders, such as the modified Cho-Maison monopole,15 that can exist
in SM extensions,16,17,19–21 or some string-inspired monopoles in models involving
pseudoscalar fields (axions) carrying an axion charge proportional to the magnetic
charge. The latter are self-gravitating and have some interesting properties in that
the asymptotic spacetime is almost Minkowski but with a conical defect.22,23 As
we shall discuss, this may lead to interesting effects in the scattering of light off
such structures,49–54 which imply a special role of such monopoles as “lenses”,54 of
potential relevance to cosmic searches for such defects.
3. Theoretical Models of Magnetic Monopoles
We next proceed to review concrete models, embedded in specific theories beyond
the Standard Model, including strings, which admit magnetic monopole solutions.
As already mentioned, in this review we shall restrict ourselves to solutions with
magnetic charges only, leaving out dyons. Our discussion will be brief, focusing only
on those aspects of the solution relevant for the main theme of this review, which
is the relevance of these configurations for collider physics and cosmic searches.
More detailed reviews on the theory of such objects can be found in the current
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literature,8,9 where we refer the interested reader.
3.1. Magnetic monopoles in non-Abelian gauge theories
The first example of a detailed monopole solution, which is a classical solution to the
equations of motion of the pertinent Lagrangian, has been presented by ’t Hooft
and Polyakov independently,3,4 for gauge theories on compact groups exhibiting
spontaneous symmetry breaking via a Higgs field. Such solutions are known as the
’t Hooft-Polyakov (HP) monopole. ’t Hooft used as an explicit example the so-
called Georgi-Glashow SU(2) gauge theory model,55 where the symmetry breaking
is implemented by means of an adjoint Higgs triplet field. The case of such SU(2)
gauge monopoles can be generalized to phenomenologically realistic GUTs, such as
SU(5) gauge theory models.8,9 The GUT monopoles have masses near the GUT
scale (∼ 1014–1015 GeV), relevant for cosmic searches, which though are expected
to have been diluted by inflation.5
We commence our discussion on such monopole solutions with the Georgi-
Glashow SU(2) monopole of ’t Hooft, which encompasses the basic topologically
nontrivial features we want to emphasize here, that can be generalised to the GUT
monopole cases, to be discussed later. The fields in the HP SU(2) gauge model3,4
are a scalar field φa(t, ~x) and a gauge field Aaµ(t, ~x), where a = 1, 2, 3 is an SU(2)
index. The Lagrangian density L(t, ~x) is
L(t, ~x) = −1
4
F aµνF
aµν +
1
2
(Dµφ
a) (Dµφa)− 1
4
λ
(
φaφa − η2)2 . (16)
The field tensor F aµν is given by
F aµν = ∂µA
a
ν − ∂νAaµ + g˜abcAbµAcν , (17)
where abc is the antisymmetric Levi-Civita symbol. The covariant derivative Dµφ
a
is defined as
Dµφ
a = ∂µφ
a + g˜abcAbµφ
c. (18)
The parameters of the model are g˜, λ(> 0) and η. The equations of motion derived
from L read
DµF
aµν = g˜abc
(
Dνφb
)
φc (19)
and
DµD
µφa = −λ (φbφb)φa + λη2φa. (20)
For the static solutions of (19) and (20), pertinent to the monopole configuration,
in the gauge Aa0(~x) = 0, the following ansa¨tze are assumed
φa(~x) = δia
(
xi
r
)
F (r), Aai (~x) = aij
(
xj
r
)
W (r), (21)
where a, i, j = 1, 2, 3 and r = |~x|. The boundary conditions adopted read
F (r)→ η and W (r)→ 1/g˜r (22)
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as r →∞. In ’t Hooft’s and Polyakov’s solution one has
g˜rW (r) = 1− rg˜η
sinh (g˜ηr)
and g˜rF (r) ∼ rg˜η
tanh (g˜ηr)
− 1. (23)
The electromagnetic field tensor fµν is defined as
3,4
fµν = φˆ
aF aµν −
1
g
abcφˆaDµφˆ
bDν φˆ
c, (24)
where φˆa = φa/|~φ| and |~φ| =
(∑3
a=1 φ
aφa
)1/2
, which defines a “sphere” in the
internal SU(2) group space. The magnetic field strength, Bk =
1
2kijfij , which has
the asymptotic behavior
~B(~x)→ ~x
g˜ r3
as r →∞, (25)
corresponds to a magnetic monopole of magnetic charge 1/g˜. Moreover, as r →∞,
where φa → η xar (22), one can show that27
1
2
µνρσ∂
νfρσ =
1
2g
µνρσabc∂
ν φˆa∂ρ φˆb∂σ φˆc ≡ kµ
g
, (26)
where kµ is a topological current. As a consequence of the simple-connectedness
of the non-Abelian gauge group SU(2), the topological charge Q =
∫
d3x k0 is
quantized to be an integer n′ and the monopole magnetic charge is
gHP =
n′
g˜
, n′ ∈ Z . (27)
The HP monopole has n′ = 1. Upon the identification of the coupling g˜ with the
electron charge e, (27) becomes Schwinger’s quantization rule (15) with n′ = m′ = 1,
corresponding to a fundamental magnetic charge which is twice the Dirac charge
gD (10). However, if one considers spin-1/2 representations of the SU(2) group of
the Georgi-Glashow model,3 which describe particles with charges q = ± 12 e, the
condition (27) becomes the DQC (5), qg = 12 , with integer n = 1.
It should be noted that f
µν
as defined in (24) does not satisfy the Bianchi
identity. For completion we mention at this point that, one can construct a version
f regµν of the ’t Hooft electromagnetic tensor which, unlike (24), is not singular at the
zeros of the Higgs triplet, and is finite everywhere,27
F aµν = f
reg
µν
φa
η
⇒ f regµν =
φa
η
F aµν = ∂µAν − ∂νAµ +
1
η3 g
abc φ
a∂µφ
b∂νφ
c ,
φaφa = η2. (28)
The presence of the vector potential Aµ owes its existence to the fact27 that
a general solution of the equation Dµφ
a = 0 for φaφa = η2 implies: Aaµ =
1
η2g abc φ
b ∂µφ
c+ 1ηφ
aAµ, with Aµ an arbitrary four-vector, which can be identified
with the electromagnetic potential Aemµ , since for φ
aφa = η2, one has Aµ = Aaµ φ
a
η .
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Upon substituting in (17), then, one obtains the expression (28) for f regµν . Both defi-
nitions, (24) and (28), coincide at the spatial boundary r →∞. In the topologically
trivial sector, the φ-dependent terms on the right-hand side of the definition of f regµν
in (28) vanish, and thus one obtains the standard expression for the “electromag-
netic” field strength f regµν in terms of regular gauge potentials. The Bianchi identity
is satisfied in that case. However, in the presence of monopoles, one obtains a vio-
lation of the Bianchi identity for the dual of f regµν , (26). This is a consequence of the
fact that the electromagnetic tensor can be formally expressed in terms of singular
potentials at the monopole center, r → 0, using the construction of Ref. 56.
One of the most important, and relevant for our purposes in this review, proper-
ties of the HP monopoles is that their total energy ((rest) massM, in flat spacetime)
is finite. Indeed, in flat space times, where the HP monopole was considered ini-
tially,3,4 the total energy E (Hamiltonian) functional of this static configuration is
minus the integral of the Lagrangian density L over space:
E = −
∫
d3xL . (29)
For the HP solution3,4 this leads to a finite expression
E =M = 1
g˜2
mV , m
2
V = g˜
2 v2 , (30)
where mV is the mass of the (massive) gauge bosons of the Georgi-Glashow (or, in
general, the massive gauge bosons of the generalized gauge theory over a compact
gauge group), and v2 is the Higgs field vacuum expectation value.
We remark at this stage that in the case of monopoles arising in compact gauge
groups there is no Dirac string. This can be understood easily, as demonstrated by
’t Hooft,3,4 by considering a magnetic flux Φ ending on a monopole which is located
on the north pole of a sphere (see Fig. 4). Consider a contour C0 surrounding the
monopole. Then, along the contour, by using Stokes theorem, one would generate
a gauge vector potential A such that
∮
d~` ·A = Φ. This potential is obtained as a
pure gauge from a multivalued “large” gauge transformation Λ, A = ∇Λ. All fields,
ϕ transform under this transformations as ϕ→ ϕeinΛ, and hence the requirement
of their single-valuedness results in the flux Φ being an integer multiple of 2pi, which
implies a full gauge rotation along the contour C0 in Fig. 4.
If the gauge group were Abelian, then the flux Φ should come out from another
spot on the sphere, because in that case the rotation 2pin, with n ∈ Z, cannot change
into a constant as we displace the contour towards the south pole of the sphere.
However in a non-Abelian theory, with a gauge group that has a compact cover, it is
possible to change continuously the 2pin gauge rotation so as it becomes a constant,
and in this case one can displace the contour C0 in Fig. 4 to C1 and then continue
to move it until it shrinks at the south pole, where there is no singularity. Hence, in
such non-Abelian theories, as is the O(3) case of the Georgi-Glashow model, where
the initial HP monopole was considered,3,4 the associated monopole solutions are
regular solutions of the field equation and no Dirac strings emerge. The quantization
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Fig. 4. A magnetic flux ending at a monopole located on the north pole of a sphere in the case
of a non-Abelian gauge group with compact cover. The contour C0 that surrounds the monopole
can be displaced continuously to C1 and then the C1 is moved smoothly until it shrinks at the
south pole, assuming there is no singularity there. There is no other point of the sphere where the
flux Φ exists if the gauge group is a compact non-Abelian group.
(27) then is a general feature of compact groups of SU(N), which follows from the
homotopy property ΠN (SU(N)) = Z. In the HP case, the homotopy property is
Π2(SU(2)) and the integer n defines topological sectors, corresponding to how many
times a sphere S2 wraps around the internal sphere defined by the gauge group
SU(2).
3.2. Grand Unified Theory monopoles
Unfortunately, the Georgi-Glashow model discussed above does not correspond to
the phenomenologically correct model describing Nature. That role is played by the
Glashow-Weinberg-Salam SM formulated on the non-compact gauge group SU(3)c⊗
SU(2)L⊗UY (1), and as a result, according to our discussion in the previous session,
finite-energy monopoles are not expected (see, however, discussion below for some
SM extensions maintaining the group structure, where such solutions exist).
Embedding the SM group to larger Grand Unified Theory groups, e.g. SU(5),
implies the existence of GUT monopoles. The estimate of their mass parallels that
of the Georgi-Glashow model, discussed in the previous section, and hence, the
finite energy of the GUT monopole is given by (30), but now g˜ is the GUT gauge
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group coupling, and mV is a vector boson mass of a spontaneously broken GUT
theory, much heavier than the electroweak gauge bosons. Typical such scales of GUT
theories lie in the range of 1014–1016 GeV. Hence such monopoles are out of the
production reach of current colliders, and one can only search cosmically for them,14
but the reader should bear in mind that their density will be extremely dilute due to
inflation,5 whose Hubble scale lies in the above range. Otherwise, without inflation,
a GUT universe would be overclosed, by a huge monopole energy density, typically
1011 times larger than the critical density of the Universe (!), ρmon ' 1011ρc.
We now remark that the existence of monopoles in such GUT requires only
that the U(1) of electromagnetism is embedded in a compact larger group, so the
pertinent gauge subgroup, resulting from a breaking of a GUT group, could even
have a cross-product structure. This may lead to significantly lighter monopoles
than those in a typical GUT SU(5) theory. An example is provided by the following
symmetry-breaking pattern of an initial SO(10) GUT group:
SO(10)
1015 GeV−−−−−−→ SU(4)⊗ SU(2)⊗ SU(2) 10
9 GeV−−−−−→ SU(3)c ⊗ SU(2)⊗ UY (1) ,
(31)
where the first breaking of the GUT symmetry group SO(10) into the cross prod-
uct group SU(4)⊗ SU(2)⊗ SU(2), which contains magnetic monopoles, occurs at
GUT scales 1015 GeV, close to the GUT and inflationary scales, but the second
one, where the SU(4)⊗ SU(2)⊗ SU(2) group breaks into the SM group, occurs at
much lower scales 109 GeV. In view of (30), when properly applied to this case, one
expects the resulting monopole mass to be sufficiently low, of order 109g˜, where g˜
is the coupling of the SU(4)⊗ SU(2)⊗ SU(2) group. In this way, one may obtain
much lighter monopoles than the original GUT models predicted. There are several
examples of such cross-product gauge groups with intermediate-scale monopoles,
some of them carrying multiple quanta of the Dirac magnetic charge, as the ones18
obtained from intersecting-D-brane-inspired trinification models with gauge groups
SU(3)c ⊗ SU(3)L ⊗ SU(3)R, which in addition to monopoles, also predict color-
singlet states, possibly accessible at LHC. Whether one can lower these monopoles
mass down to a few TeV is not entirely clear, nonetheless such low mass monopoles
may not be diluted significantly during inflation, and hence one may have inter-
esting cosmological constraints, arising from requiring absence of their potential
contributions to nucleosynthesis, etc. Cosmic searches for such relatively low-mass
monopoles do not differ from the corresponding searches of GUT-mass-scale rela-
tivistic ones,14 discussed in Sec. 6.
An important physical effect of a GUT monopole, which defines some of the
corresponding search strategies, is the fact that in its presence proton decay is
catalyzed (see Fig. 5), due to the induced baryon number non-conservation, the so-
called Callan-Rubakov effect57–60 and references therein. A few years before the work
of Refs. 57, 58, 59, Dokos and Tomaras61 have already noticed that scattering
of fermions off GUT SU(5) monopoles or dyons can catalyze processes involving
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baryon-number non-conservation as a result of the property of SU(5)-monopole
dyonic excitations to possess baryon-number-violating couplings. However, the au-
thors of Ref. 61 thought that the dyonic excitation would split from the monopole
ground state by an amount equal to the αM , where α is the fine structure constant
of electromagnetism, and M the mass of the monopole. For monopoles of GUT
scale mass M ∼ 1015–1016 GeV, this would imply αM & 1013 GeV, and hence
such baryon-number-violating processes would be extremely suppressed. This issue
was rectified in the work of Callan and Rubakov,57–59 and also of Blaer, Christ and
Tang62 and of Wilczek,63 who have demonstrated that such dyonic excitations are
in fact split from the vacuum by an amount of order αmf , where mf is the mass of
the charged scattered fermion off the monopole, e.g. electrons. This is a tiny amount
of energy, and hence these dyons are easily excited. This was the consequence of
the fact that the anomalous electric charge Q = − eϑ2pi , that was known64 to char-
acterize monopoles in theories with CP violation due to a vacuum angle ϑ, such
as SU(5) GUT theories, vanishes when the fermion mass vanishes, since such an
electric charge is smeared over a region of radius of order m−1e .
Fig. 5. Schematic illustration of monopole catalysis of proton decay p→ e+ +pi0, via the Callan-
Rubakov mechanism, whereby baryon number violation is mediated by super heavy gauge bosons
of the pertinent GUT theory in the presence of a monopole.
Rubakov57–59 also stressed the fact that because of the axial anomaly the
monopole was not an eigenstate of chirality or baryon number, which opens the
possibility for large baryon-number- and chirality-violating cross sections in fermion-
monopole scattering. Callan on the other hand57–59 emphasized that there are
baryon-number-violating boundary conditions, when one regularizes the monopole
solution by a finite monopole-core region, and then let the size of the core going
to zero. Such boundary conditions, he argued, reflect the nontrivial physics in-
side the monopole core and lead to unsuppressed baryon-number-violating effects
(cross sections) for the scattering of fermions off the monopole. As emphasized
by Preskill,57–59 these are two different explanations of the Callan-Rubakov effect,
rather than complementary explanations of the same phenomenon. In the litera-
ture, most references to the “Callan-Rubakov effect” associate it with the boundary
conditions.
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As a result of the monopole-induced baryon-number-violating processes, pro-
ton decay can be catalyzed in the presence of GUT monopole, in the sense that
protons, with a relative velocity β = v/c with respect to the monopole, can de
induced to decay with a cross section of order σBβ ∼ 10−27 cm−2, giving a line
of catalyzed proton decays on the trail of the monopole. One can thus search for
non-relativistic monopoles at water/ice detectors using catalysis, as we shall discuss
later in Sections 5.4 and 6.4.
3.3. The Cho-Maison (electroweak) monopole in the Standard
Model
As mentioned previously, magnetic monopoles were in general not expected in the
SM, based on the fact that the associated quotient gauge group SUc(2)⊗SUL(2)⊗
UY (1))/Uem(1) in the symmetry-broken phase is non-compact and has a trivial
second homotopy. However, Cho and Maison argued15 that there is an alternative
topological scenario, which has been overlooked, and which justifies the existence
of monopoles in the SM. This is associated with the fact that the normalized Higgs
doublet field can be viewed as a CP 1 field, which is known to be characterized by a
nontrivial second homotopy Π2(CP
1) = Z. We remind the reader that CP 1 is the
complex projective line, obtained by a “stereographic projection” of the Riemann
sphere — that is the complex plane plus a point at infinity (see Fig. 6).
Fig. 6. Schematic visualization of how the complex projective line (CP 1) is obtained from the
Riemann sphere (that is, the complex plane with an added point at infinity ∞) through a “stere-
ographic projection”. The normalized Higgs field in the Cho-Maison (CM) parametrization of the
SM plays the role of a complex coordinate with values lying on the CP 1 space. Image generated
and adapted from Ref. 65.
However, the initial CM solution was characterized by infinite energy, due to sin-
gular terms at the monopole center r → 0. Below we shall review the CM monopole
and its properties, and see how its initially singular-energy form can be regularized
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in appropriate extensions of the SM to yield finite-energy solutions. In this sense,
although the aforementioned argument of CM in identifying topological reasons for
having monopole solutions in scenarios utilizing the standard Higgs doublet of the
SM is technically correct, nonetheless, finiteness of the monopole energy requires
extensions of the SM Lagrangian. Such extensions, however, keep the SM gauge
group structure intact, not requiring embedding in larger compact groups. This, as
we shall see, has dramatic consequences in yielding light monopoles, with masses in
a range accessible to current or future colliders.
The CM electroweak monopole15 is a numerical solution of the Weinberg-Salam
theory.e However, it suffers from a divergence in the energy due to a singularity at
the center of the configuration, r → 0, where r is the radial coordinate. Therefore it
cannot be considered as physical in the absence of a suitable ultraviolet completion.
Also this singularity makes any estimate of the monopole mass impossible, and hence
a regularization of the solution is needed before its phenomenological relevance is
considered. Cho, Kim and Yoon (CKY) proposed16 a modification of the electroweak
theory that could render the divergence of F aµν integrable at the monopole core. This
would yield a finite-energy solution that would be physical, but as we shall discuss
later on, their modification is not compatible with LHC data phenomenology. There
are other modifications, though, which are compatible,19–21 some of them inspired
from string/brane theory, as we shall review them, together with that of Ref. 16, in
the next section.
To be instructive, below we review first the CM monopole solution.15 The per-
tinent Lagrangian is the one describing the bosonic sector of the Weinberg-Salam
electroweak theory,
L = −|DµH|2 − λ
2
(
H†H − µ
2
λ
)2
− 1
4
F aµνF
aµν − 1
4
BµνB
µν
= −1
2
(∂µρ)
2 − ρ
2
2
|Dµξ|2 − λ
8
(
ρ2 − ρ20
)2 − 1
4
F aµνF
aµν − 1
4
BµνB
µν , (32)
where the SU(2)L × U(1)Y gauge-covariant derivative is defined as
Dµ ≡ ∂µ − ig
2
τaAaµ − i
g′
2
Bµ ,
with Aaµ, a = 1, 2, 3, the SU(2) non-Abelian gauge field; F
a
µν the corresponding field
strength; Bµ (Bµν) the Abelian hypercharge UY (1) gauge field (field strength);
and H the Englert-Brout-Higgs doublet, responsible for the standard spontaneous
symmetry breaking SU(2)×UY (1) → Uem(1), with Uem(1) the Abelian gauge group
of electromagnetism. In the second line of (32) this is written as H = 1√
2
ρξ, where
ξ†ξ = 1, and we define ρ0 =
√
2µ2/λ =
√
2v. Cho and Maison noticed that the
U(1)Y coupling of ξ is essential for its interpretation as a CP
1 field with nontrivial
eAn analytical existence theorem for such monopole solutions can be established by appropriately
adopting arguments by Yang.66
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second homotopy, making possible a topologically stable monopole solution of the
equations of motion.
Choosing the following ansatz for the fields in spherical coordinates (t, r, θ, ϕ),15
ρ = ρ(r), ξ = i
(
sin(θ/2) e−iϕ
− cos(θ/2)
)
,
~Aµ =
1
g
A(r)∂µt rˆ +
1
g
(f(r)− 1) rˆ × ∂µrˆ,
Bµ =
1
g′
B(r)∂µt− 1
g′
(1− cos θ)∂µϕ, (33)
one can find spherically symmetric field configurations corresponding to electroweak
monopoles and dyons. Notice that there is a Dirac string for the CM monopole,
which manifests itself in an apparent singularity along the z-axis in ξ and Bµ fields,
which however is a gauge artefact and can be removed by an appropriate gauge
transformation.15
After an appropriate unitary gauge transformation U such that ξ → Uξ =
(
0
1
)
,
one may obtain the physical gauge fields by rotating through the weak-mixing angle
θW ,
Wµ =
i
g
f(r)√
2
eiϕ(∂µθ + i sin θW∂µϕ),
AEMµ = e
(
1
g2
A(r) +
1
g′2
B(r)
)
∂µt− 1
e
(1− cos θ)∂µϕ,
Zµ =
e
gg′
(
A(r)−B(r))∂µt, (34)
where the electric charge e = g sin θW = g
′ cos θW . The simplest nontrivial solution
to the equations of motion with A(r) = B(r) = f(r) = 0 and ρ = ρ0 ≡
√
2µ/
√
λ
describes a charge 4pi/e point monopole with
AEMµ = −
1
e
(1− cos θ)∂µϕ .
More general electroweak dyon solutions may be obtained by considering nonzero
A,B and f , e.g. with the boundary conditions
ρ(0) = 0, f(0) = 1, A(0) = 0, B(0) = b0,
ρ(∞) = ρ0, f(∞) = 0, A(∞) = B(∞) = A0, (35)
where 0 ≤ A0 ≤ eρ0 and 0 ≤ b0 ≤ A0, we may integrate numerically the equations
to obtain solutions representing the CM dyon with electric qe and magnetic qm
charges
qe = −8pi
e
sin2 θW
∫∞
0
f2Adr =
4pi
e
A1,
qm =
4pi
e
, (36)
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where A1 is a constant coefficient parametrizing the 1/r asymptotic behavior of
A. Notice that, compared with the Dirac quantization rule (10), the CM solution
corresponds to a magnetic charge equal to twice the fundamental charge, 2gD, as
appropriate for the fact that the solution can also incorporate dyons. Since there
is, as already mentioned, a Dirac string in the CM monopole, in contrast to the HP
monopole, the former is a kind of hybrid between the Dirac and HP monopoles.
However, as already mentioned, the CM electroweak monopole15 suffers from a
non-integrable singularity in the energy density at the center of the configuration
(r → 0). This can be seen by calculating the total energy E of the dyon configura-
tion, which has the form:16
E = E0 + E1,
E0 = 4pi
∫ ∞
0
dr
2r2
{
1
g′2
+
1
g2
(f2 − 1)2
}
,
E1 = 4pi
∫ ∞
0
dr
{
1
2
(rρ˙)2 +
1
g2
(
f˙2 +
1
2
(rA˙)2 + f2A2
)
+
1
2g′2
(rB˙)2 +
λr2
8
(
ρ2 − ρ20
)2
+
1
4
f2ρ2 +
r2
8
(B −A)2ρ2
}
. (37)
We see that, with the boundary conditions given by (35), E1 is finite, but the
first term of E0 is divergent at the origin. For future use, we remark that for the
realistic parameters of the electroweak theory, including the observed Higgs mass,
one has
E1 ' 4.1 TeV . (38)
We next proceed to discuss potential regularizations of E0, that would allow for an
estimate of the total monopole energy ((rest) mass), in order to examine the rele-
vance of the solution to collider physics. This requires extending the SM Lagrangian
(32) appropriately.
3.4. Finite-energy Cho-Maison-like monopoles and dyons
There are two known ways to achieve this, which both involve extensions of the SM
Lagrangian, keeping however the gauge group structure SUc(3)⊗ SUL(2)⊗ UY (1)
intact. The first, proposed by CKY,16,67 concerns a modification of the Weinberg-
Salam theory in such a way that the form of the dielectric “constant” in front of
the U(1)Y hypercharge gauge kinetic term (“vacuum permittivity”) changes, by
some unspecified dynamics, to become a nontrivial functional of the Englert-Brout-
Higgs (EBH) doublet field, (H†H). Such a construction preserves gauge invariance.
The second, proposed by Arunasalam and Kobakhidze,19 involves an extension of
the hypercharge sector of the SM Lagrangian to a Born-Infeld-type term, which is
inspired by string theory considerations. In both cases, the gauge group of the SM
is kept intact. Below we proceed to discuss these approaches briefly and derive the
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order of magnitude of the monopole mass, in order to assess the feasibility of its
production at colliders.
3.4.1. Hypercharge vacuum permittivity as a Higgs-dependent function
Specifically, CKY considered the following form of effective Lagrangian that has a
non-canonical kinetic term for the U(1)Y gauge field
Leff = −|DµH|2 − λ
2
(
H†H − µ
2
λ
)2
− 1
4
~F 2µν −
1
4

( |H|2
v2
)
B2µν , (39)
where (|H|2/v2) is a positive dimensionless function of the EBH doublet that ap-
proaches one asymptotically as |H| → v. Clearly  modifies the permittivity of the
U(1)Y gauge field, but the effective action still retains the SU(2) × U(1)Y gauge
symmetry. Moreover, since → 1 asymptotically, the effective action reproduces the
SM when the EBH field adopts its canonical vacuum expectation value: |H| = v.
However, the factor (|H|2/v2) effectively changes the U(1)Y gauge coupling g′ to
a “running” coupling g¯′ = g′/
√
 that depends on |H|. This is because, with the
rescaling of Bµ → Bµ/g′, g′ changes to g′/
√
. By choosing  so that g¯′ → ∞ as
|H| → 0, i.e. requiring  to vanish at the origin, one can regularize the CM monopole.
Such an ad hoc modification of the Standard Model is phenomenologically mo-
tivated as a way to render finite the energy integral, leading to a finite mass for
the electroweak monopole. We leave open the question of how such a modification
may occur in a “top-down” approach, and pursue the question how light such a
CKY monopole might be. To this end, we first notice that the original proposal16
for regulating the infinite-energy divergence was to consider a functional form
 '
(
ρ
ρ0
)n
, n > 4 + 2
√
3 , (40)
where the restrictions on n are imposed in order for certain terms in the equations
of motion to vanish fast enough as r → 0, so that the energy remains finite. With
the boundary conditions (35) the solution at the origin behaves as16
ρ ' cρrδ− , f ' 1 + cfr2,
A ' cAr, B ' b0 + cBr2δ+ ,
where δ± = 12 (
√
3±1), and behaves asymptotically towards spatial infinity (r →∞)
as
ρ ' ρ0 + ρ1
exp
(−√2µr)
r
, f ' f1 exp(−ωr),
A ' A0 + A1
r
, B ' A+B1 exp(−νr)
r
,
where ω =
√
(gρ0)2/4−A20 and ν = 12
√
g2 + g′2ρ0.
These behaviors of the fields in the limits can be used together with the pertinent
equations of motion to obtain numerical solutions.16 Plugging the simplest A =
Magnetic Monopoles Revisited 23
B = 0 solution into the energy integral (3.3), with the appropriate  form factor
regularization, leads17 to a monopole mass of ∼ 5.7 TeV. The nonzero A,B solution
yields a larger mass of ∼ 10.8 TeV for the dyon. An increase was to be expected,
since non-vanishing forms of A and B will always contribute positively to the E1
integral (3.3). The topological stability of the lowest-lying monopole is guaranteed
by the conservation of magnetic charge.15 However, dyon solutions may be unstable
if suitable decays into charged particles and a monopole are kinematically accessible,
as is the case in this example.
Unfortunately, however, as demonstrated in Ref. 17, the simple power-law func-
tional form for the  regulator (40), chosen in Ref. 16, is phenomenologically excluded
by data on Higgs decays to two photons (H → γγ).68 Indeed, dimension-six op-
erators involving couplings of the Higgs field with the SM gauge sector have been
studied,69,70 in an analysis of the data now available from the LHC. Among them,
of interest to us here is the operator
cγ
Λ2
Oγ ≡ c¯γ
M2W
g′2|H|2BµνBµν , (41)
where we use the notation of Ref. 69, 70 in which constraints are placed on c¯γ ≡
cγM
2
W /Λ
2. Based on a global fit to LHC data, mainly from the decay of the Higgs
field H → γ γ, the best fit values of c¯γ are in the range of 10−3 and negative.69,70
By expanding ρ near its vacuum expectation value ρ0 ≡
√
2µ/
√
λ:
ρ = ρ0 + ρ˜, ρ˜/ρ0  1, (42)
we can write the term (41) as an effective Lagrangian contribution of the form
c¯γ
M2W
g′2|H|2BµνBµν ⊃ 8
(
g′
g
)2
c¯γ
ρ˜
ρ0
BµνB
µν . (43)
On the other hand, the -dependent modification (40) of the Lagrangian (39),
when expanded around the vacuum expectation value, yields a term
−1
4
(
ρ
ρ0
)2
BµνB
µν ⊃ −n
4
ρ˜
ρ0
BµνB
µν , (44)
where we recall (40) that finiteness of the monopole total energy/mass then requires
for a simple power law that Z+ 3 n ≥ 8.
Comparing (43) with (44), we see that to linear order in ρ˜/ρ0,
c¯γ = − 1
32
(
g
g′
)2
n ' −0.1n.
Since n ≥ 8 ⇒ c¯γ . −0.8 is strongly excluded by the 95%-confidence-level
observed value c¯γ & 10−3,69,70 it follows17 that the simple power-law modification
of the U(1)Y permeability proposed in Ref. 16 cannot be valid all the way from the
origin of the EBH field ρ→ 0 up to the region near the expectation value, ρ ' ρ0.
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A modification of the SM Lagrangian is, therefore, required of the general form
in (39), but with the U(1)Y permeability  an interpolating functional having the
following properties:17
(ρ) > 0 ,
(ρ)|ρ=0 = (1)(ρ)|ρ=0 = · · · = (n−1)(ρ)|ρ=0 = 0,
(n)(ρ)|ρ=0 = n!
ρn0
6= 0, Z+ 3 n ≥ 8 ,
(ρ)|ρ→ρ0 ' 1− 16 cγ
(
g′
g
)2
ρ2
ρ20
, (45)
|c¯γ | . O(10−3), (46)
where the superscript index (n) indicates the n-th derivative with respect to ρ. In the
following we impose the stronger condition c¯γ = 0; relaxing this to |c¯γ | = O(10−3)
would not change the results significantly.
Fig. 7. Interpolating functions i(ρ), i = 1, 2, 3, 4, that satisfy the required theoretical and phe-
nomenological properties in solid brown (4), solid green (2), dotted blue (1), and dashed-dotted
orange (3) lines. The CKY regularization,16  that is incompatible with LHC data69,70 is shown
in dashed red. Graph taken from Ref. 17.
In Ref. 17, several acceptable forms of the interpolating functional  have been
exhibited, which contain algebraic sums of terms corresponding to different powers
of (ρ/ρ0) (see Fig. 7). They lead to monopole masses ranging from M ∼ 6.8 TeV
down to ∼ 5.4 TeV, with a larger mass ∼ 10.8 TeV for the dyon case. As remarked
in Ref. 17, one might expect that a lower-mass monopole could be found in a more
exhaustive survey of parameter space, particularly if attention was restricted to
powers n ≥ 10. One may also consider non-polynomial (e.g. logarithmic functional
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forms for , which converge faster. We note that the associated numerical solutions
for the modified finite-energy CM monopoles are pretty close to the original solution
of Ref. 15 (see Fig. 8). Gravitational effects71 in such monopole solutions may lead
to further reduction of the mass.
Fig. 8. Left: Finite-energy electroweak monopole solution for the A = B = 0 case with  =
5(ρ/ρ0)8 − 4(ρ/ρ0)8 that satisfies all the theoretical and phenomenological constraints. The ρ
(normalized by ρ0) and f solutions are represented by solid blue and green lines, respectively.
Dashed lines represent the original CKY regularization,16 which is excluded by data. Right: The
CKY regularization for the electroweak dyon (continuous lines) versus the original (singular) CM
dyon solution (dashed lines), for general A,B, with Z ≡ A−B, and the boundary conditions f(0) =
1 and A(∞) = MW /2. We see that there is good agreement between the various regularizations
and the original CM theory. Graphs taken from Ref. 17 (left panel) and Ref. 16 (right panel).
In Ref. 17 the discussion of the modifications of the SM hypercharge vacuum
permittivity was purely phenomenological without any attempt to construct micro-
scopic models. This has been attempted in Ref. 21, where by considering brane world
models in higher non-compact dimensions, one may be able to localize the SM on
a domain wall, and obtain, upon reduction on four-dimensional spacetime, some of
the models discussed in Ref. 17 with finite-energy monopole solutions. Specifically,
the authors of Ref. 21 proposed a class of five-(non-compact)-dimension theories,
where localization of gauge fields is achieved by the condensation of Higgs field
via a non-minimal Higgs-dependent gauge kinetic term in the five-dimensional La-
grangian. The model contains a domain wall, connecting vacua with unbroken gauge
symmetry, which drives the Higgs condensation that provides electroweak symme-
try breaking and at the same time gauge field localization. The five-dimensional
gauge theory contains a non-minimal coupling of the (five-dimensional) Higgs
field with (five-dimensional) gauge field kinetic terms. Such couplings are crucial
for the localization mechanism. The effective low-energy four-dimensional theory,
then, contains higher-dimensional interaction terms of the form of algebraic sums
Lint =
∑
n cn |H|2n (F aµνF aµν +Bµν Bµν) in the respective Lagrangian, where cn are
appropriate constants, H denotes the four-dimensional Higgs field, F aµν the non-
Abelian field strength of the electroweak theory, and Bµν the Abelian hypercharge
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field strength. Depending on the values of the coefficients cn, such terms can lead, as
discussed above, to new tree-level contributions to the H → γγ decays and in some
cases to finite-energy monopole solutions. In Ref. 21, a model with Lint containing
only two terms in the sum, corresponding to the powers n = 8, 10, has been ex-
plicitly considered, which is one of the cases of Ref. 17 leading to finite electroweak
monopoles (see Fig. 8). However, there is no way to provide a more microscopic
justification for selecting such cases, other than noticing that they are consistent
with the symmetry-breaking patterns studied in Ref. 21.
3.4.2. Born-Infeld extension of the Standard-Model hypercharge sector
The second, more microscopically justifiable, way of obtaining Cho-Maison-like
monopole solutions with finite energy is to modify the UY (1)-hypercharge sector
by including higher derivative corrections of the pertinent field strength Bµν , as in
the case, for instance, of string-inspired Born-Infeld (BI) Lagrangians.19 In these
scenarios, the SM is extended by a non-linear BI-type hypercharge gauge field with
a Lagrangian of the form
LEW = −(DµH†)(DµH)− λ
2
(
H†H − µ
2
λ
)2
− 1
4
F aµνF
µν,a
+ β˜2
(
1−
√
1 +
1
2 β˜2
BµνBµν − 1
16 β˜4
(BµνB˜µν)2
)
(47)
where Dµ = ∂µ− i g2τaAaµ− i g
′
2 Bµ is the covariant derivative and A
a
µ and Bµ are the
SUL(2) and UY (1) gauge fields, respectively, H is the electroweak Higgs doublet,
Bµν is the U(1) field strength tensor with B˜µν as its Hodge dual, Fµν,a is the SU(2)
field strength tensor, where a = 1, 2, 3. The SUL(2) and UY (1) couplings are given
by g and g′, respectively. The BI parameter β˜ has dimensions of mass squared.
It reduces this Lagrangian to the SM Lagrangian for β˜ → ∞. In string-inspired
models, β˜ is proportional to the string mass scale Ms. In general, one may consider
more complicated modifications, where there are higher derivative terms also for the
non-Abelian field strengths, but for the purposes of demonstrating the finiteness of
the associated monopole solutions, restricting our attention to the Lagrangian (47)
suffices.
Indeed, it can be shown,19 following the same steps as in the standard CM case
discussed in Sec. 3.3, that with such modifications, a CM-like monopole solution
exists in the model (47), which is characterized by a total energy E of the form:
E = E0 + E1,
E0 =
∫ ∞
0
dr β˜2
[√
(4pir2)
2
+
h2Y
β˜2
− 4pir2
]
=
h2Y
3pi
Γ
(
1
4
)
Γ
(
5
4
)√
β˜
hY
= 72.82
√
β˜,
E1 = 4pi
∫ ∞
0
dr
[(
f˙2
g2
+
(
f4 − 1)2
2g2r2
)
+
(
f2ρ2
4
+
r2ρ˙2
2
+
λr2
8
(
ρ2 − ρ20
)2)]
,
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where the notation is the same as in Sec. 3.3, hY =
4pi
g′ and Γ(z) =
∫∞
0
xz−1e−xdx.
The integral E1 is similar to the one in the case of the CM monopole, assuming
the value (38), for the set of the observed SM parameters. Par contrast to the CM
case, however, we now observe that the E0 part of the energy, which diverges in the
CM case, is now finite, proportional to the BI parameter β˜, which thus acts as an
appropriate cut-off. Thus the total energy (rest mass) of the monopole is finite, and
for the observed values of the SM parameters becomes
E = 4.1 + 72.8
√
β˜ TeV. (48)
At this point we remark that a new class of finite-energy magnetic-monopole so-
lutions within this BI framework has been found in Ref. 72. This new class was
discovered by performing analytic asymptotic analyses of the nonlinear Lagrange
differential equations describing the model using Pade´ approximants, which replaces
the shooting method used in numerical solutions to boundary-value problems for
ordinary differential equations used in previous analyses.15,19 In Ref. 72, although
the ansatz used to generate static and spherically symmetric monopole solutions,
with finite energy, is the one employed by Cho and Maison,15 nonetheless the so
obtained solutions have a different behavior near the monopole core than the stan-
dard ones,15 also used in Ref. 19. Estimates of the total energy of this new class of
BI monopole solutions predict a higher total monopole energy (mass) than (48):
E = 7.6 + 72.8
√
β˜ TeV. (49)
As discussed in Ref. 20, from the recent measurement by ATLAS73 and later
by CMS74 Collaborations of light-by-light scattering in LHC Pb-Pb collisions,75
one obtains a lower bound for
√
β & 100 GeV, which, on account of (48), implies
monopole masses E & 11 TeV; for the monopole solution of Ref. 72, with mass
(49), the collider lower limit is E & 15 TeV. Taking into account that monopoles
are produced in pairs with their antiparticles in collisions, they are beyond reach
of any LHC experiment, but may be accessible at future colliders76–78 or cosmic
searches.14
Cosmological consequences of such monopoles, in particular their role in the elec-
troweak phase transition and nucleosynthesis, have been discussed in Ref. 19, where
we refer the interested reader for details. Here we only mention that nucleosynthesis
constraints on the abundance of such monopoles imply M . 2.3×104 TeV, while in
order for the monopoles to delay the electroweak phase transition and make it more
first order, one should have M & 9.3×103 TeV, although this latter property is not
necessary. Thus only the upper bound in the monopole mass appears to be rigid.
In view of (48), then, one observes that, in the context of microscopic string theory
models, where one expects
√
β˜ ∼ Ms, with Ms the string mass scale, we obtain
an upper bound on Ms . 2.3 × 104 TeV, in order to have cosmologically allowed
BI-hypercharge monopoles. However, this expectation may be naive, in the sense
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that the effective low-energy Lagrangians of phenomenologically realistic string the-
ories are actually much more complicated than (47), containing higher-derivative
terms also for the non-Abelian gauge fields, which may modify the monopole solu-
tion discussed above. Moreover, there might be string-theory brane-Universe models
where monopoles are allowed to live in the bulk, and thus their abundance on the
brane Universe describing our world may be naturally diminished, thus avoiding
the nucleosynthesis constraints. These issues fall beyond the scope of this review.
3.5. Kalb-Ramond (self-gravitating) monopoles with finite energy
Before closing our discussion on theoretical models predicting magnetic monopole
solutions with relatively small masses as compared to GUT scale, we would like
for completion to briefly describe another type of magnetic monopole inspired by
strings. This monopole is associated with a particular type of axion fields, termed
Kalb-Ramond (KR) axions, which are different from the QCD axions, and have their
origin in the massless gravitational multiplet of a string.79,80 In fact, the magnetic
charge of such configurations is proportional to the axion charge. This model has
been proposed in Refs. 22, 23. It contains an extra triplet of real scalar fields, χ,
beyond the SM, with a Higgs-like potential, associated with a spontaneous breaking
of an internal SO(3) symmetry.
The model contains dilatons Φ and antisymmetric tensor KR fields, Bµν =
−Bνµ, appearing in the Lagrangian only through their field strength, as a result
of an underlying U(1) gauge invariance.79,80 In four space-time dimensions the KR
field strength Hµνρ is dual to a pseudoscalar (axion) field b(x):
f
Hµνλ = ∂[µBνρ] = e
2Φ µνλσ∂
σb , (50)
where [. . . ] denotes complete antisymmetrization of the respective indices, µνρσ is
the curved-spacetime Levi-Civita tensor density, µνρσ =
√−g ˜µνρσ, with ˜µνρσ the
flat spacetime antisymmetric symbol (˜0123 = +1, etc.)
The four-spacetime-dimensional Lagrangian is given by:
L = (−g)1/2
{1
2
∂µχ
a∂µχa − λ
4
(
χaχa − η2)2 − 1
16piG
R
+
1
2
∂µΦ∂
µΦ− V (Φ)− 1
12
e−2ΦHρµνH%µν − 1
4
e−Φ fµνfµν
}
, (51)
where λ > 0, as appropriate for the O(3) spontaneous symmetry breaking in the
model, G = 1/M2P (in units ~ = c = 1) is the Newton (gravitational) constant of the
f In string theories,79,80 the field strength Hµνρ, in the presence of gauge fields Aµ, is no longer
given only by the curl of Bµν but contains additional parts proportional to the Chern-Simons
three-form A ∧ F, where F = d ∧A + g˜′A ∧A is the non-Abelian field strength of the unifying
string group with coupling g˜′. Such terms lead to higher derivative terms in the string effective
action (51), and have been ignored in Refs. 22, 23. Their inclusion for Abelian gauge fields could
lead to additional interesting electromagnetic effects,81–85 which, however, are not of direct interest
to this review.
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four-dimensional spacetime, with MP = 2.4 × 1018 GeV the reduced Planck mass,
g = det (gµν) is the determinant of the metric tensor, R is the Ricci curvature scalar,
and fµν is the electromagnetic Maxwell tensor. The SM interactions (in the broken
phase of the SM theory, where the photon remains massless) can be added separately
to (51) and, except for the photon, they play no role in the monopole solution. One
assumes22,23 that a singular gauge field Aµ (up to a gauge transformation) may be
associated with fµν , on using a construction outlined by Halpern.
56
In the absence of the electromagnetic, H and Φ fields, the Lagrangian (51)
reduces to that employed in the self-gravitating global monopole case of Ref. 86,
whose stability is still under debate (see discussion in Refs. 22, 23 and references
therein). The existence of the KR axion b and dilaton fields, which promotes the
global monopole to a local one in the presence of an electromagnetic Aµ potential,
is argued in Refs. 22, 23 to be crucial for stability of the KR magnetic monopole, as
a consequence of the fact that its magnetic charge is proportional to the KR axion
charge.
For the scalar triplet field, associated with the spontaneous symmetry breaking
of the global SO(3) symmetry, the following ansatz was made22,23
χA(r) = ηf(r)
xA
r
, A = 1, 2, 3 , (52)
where xA, A = 1, 2, 3, are Cartesian spatial coordinates, with the asymptotic be-
havior f(r → 0) ' f0 r → 0, f0 = constant ∈ R, f(r →∞)→ 1, consistent with the
equations of motion, and similar to the scalar field of the HP monopoles, discussed
in Sec. 3.1.
Assuming a static spherically symmetric metric corresponding to an invariance
element of the form ds2 = B(r)dt2 − A(r)dr2 − r2(dθ2 + sin2 θ dφ2), with AB ' 1
for both r → 0 and r →∞, one finds a KR-axion field b of the form:22,23
b′ (r) =
ζ
r2
√
A(r)
B(r)
, (53)
for the entire range of the radial distance from the center r. The quantity ζ ∈ R is
the KR-axion charge. The following approximate relations for the entire range of r
are adopted for the metric function
A(r)B(r) ≈ 1 , B(r) = 1− 8piG η2 − 2mG
r
+
16piG ζ2
r2
, (54)
where m is the Schwarzschild mass of the monopole.
This is an (approximate) Reissner-Nordstrom (RN) solution for a black hole
with “charge squared” Q2 = 2 ζ2. In fact, as discussed in Refs. 22, 23, this charge
is a magnetic one, in the sense that it corresponds to the magnetic charge of the
monopole. If one assumes that η MP, as required in order for such configurations
to potentially play a role at collider physics scales, then there are no horizons,
however there are no naked singularities at r → 0, since the latter are shielded by
the monopole core. Due to the terms proportional to η2 in B(r), the spacetime for
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r → ∞ is not asymptotically Minkowski, but is characterized by a conical deficit
angle, proportional to 8piG η2. This is a consequence of the fact that the total energy
of this type of monopole diverges linearly with distance (in this respect resembling
a cosmic string), as is also the case of the global monopole.86
To understand the emergence of monopole solutions in the model (51), one uses
the dilaton equations of motion, assuming that the dilaton is stabilized to a constant
value Φ = Φ0, which may be guaranteed by an appropriate (string-loop generated)
dilaton potential V (Φ).22,23 This implies a relation between the kinetic terms of the
b and electromagnetic Aµ fields, which, on using (53), leads to a radial magnetic
field strength22,23
Br '
√
2 ζ
r2
, (55)
which is consistent with the equations of motion for Aµ. From (55) it follows that
the magnetic charge of the configuration is
g =
√
2 ζ. (56)
Hence the KR-axion charge is proportional to the magnetic charge, and thus the
charge of the corresponding RN solution black hole (54) is a magnetic charge. As
the gauge group considered in this model is the standard Abelian electromagnetic
Uem(1), there is a Dirac string, according to the arguments discussed in Sec. 3.1.
Hence the DQC (5) would imply a quantization of the KR-axion charge ζ, for the
self-gravitating KR monopole to be consistent with quantum theory.
Fig. 9. The regularized self-gravitating Kalb-Ramond electromagnetic monopole of Refs.22,23
The dark orange shaded area depicts the shell area where most of the mass of the monopole lies.
Only its inner boundary (at r = δ) is a hard one, requiring matching of the respective space
times via Israel conditions. The outer region of the shell (dashed lines) does not require matching
and corresponds to an asymptotic Minkowski spacetime with an angular deficit. Its radius Lc is
determined by minimization of the total energy functional of the monopole configuration.
The presence of an RN-black-hole-curvature singularity at r → 0 in the metric
(54) requires regularization, which in Refs. 87, 22, 23 has been performed by cutting
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off the spacetime around the monopole center at r = 0 by a region of radius δ (see
Fig. 9) and replacing it by a de Sitter space time, with positive cosmological constant
Λ = 14λ η
4 > 0.
We now remark that, if ζ = 0, which is the case of the global monopole,86
then m < 0 and this was interpreted in Ref. 87 as implying repulsive gravitational
effects, which might be associated with the instabilities of the global monopole. Par
contrast, in the presence of a nontrivial KR-axion charge ζ, the Schwarzschild mass
m of the monopole comes out positive,22,23
m ∼ 6.32pi |ζ| η (λ ζ2)1/4 > 0 , (57)
and thus normal attractive gravitational effects are expected. This may indicate
stability of the KR monopole, in the sense that the repulsive forces induced by the
de Sitter region, balance the attractive gravitational forces due to the mass in the
outer RN region. However, this still remains an open issue.
The monopole core of radius Lc M−1P does not constitute a hard boundary re-
quiring metric matching conditions (see Fig. 9), but can be estimated by assuming a
“bag-like” structure.22,23 Most of the total energy of the monopole is assumed con-
centrated on a shell δ ≡ αLc ≤ r . Lc, with Lc being determined by minimization
of the total energy functional with respect to Lc
E ' 4pi
∫ Lc
αLc
dr r2[
2W 2(r)
B(r)r2
+
b′2(r)
4
+ η2
(
f2(r)
B(r)r2
+
f ′2(r)
2
)
+
λ η4
4B(r)
(
f2(r)− 1)2] . (58)
The reader should notice that the first two terms on the right-hand side of (58),
which are the contributions of the KR axion and electromagnetic fields, yield finite
contributions, while the third term, pertaining to the scalars, is responsible for the
linear divergence of the energy function with Lc. This feature is shared by the
global monopole.86 The minimization yields for the KR monopole:22,23 0 < α =
1.26
(
λ ζ2
)−1/2  1, and
E/m ∼ 1.7 , (59)
where m is given in (57).
The fact that the total energy E (total monopole (rest) mass) and the
Schwarzschild mass are of the same order is to be expected since both δ and Lc
are much larger than the Planck length, where gravitational effects are expected
to be important. In view of η  MP, the monopole mass is much smaller than
the Planck scale. However, to be able to make predictions of potential relevance to
collider physics, one needs to have a microscopic understanding of this model, in
particular how it can extend the SM. This is not discussed in the literature.22,23
Nonetheless, having novel finite-energy monopole configurations which can have a
potentially small mass is of phenomenological relevance for collider searches.
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Moreover, the presence of a angular deficit ∝ η2 in the asymptotic spacetime,
which characterizes both global86 and KR magnetic22,23 monopoles, is known to
imply a role for such spacetime defects as particle “lenses”.49–54 The quantum scat-
tering amplitudes of particles of various spins, including photons, off such defects,
exhibit formal infinities at scattering angles equal to the deficit angle. Although the
Coulomb repulsion of charged particles of relevance to collider experiments might
be too strong, as compared with the gravitational attraction that creates the lens-
ing, to have observable lensing effects at colliders, nevertheless the above lensing
phenomenon may be used as an interesting test of the presence of such defects in
case they are of cosmic origin, through lensing of cosmic light.54 Such tests could
complement astrophysical and cosmological searches of global monopoles, e.g. those
using cosmic microwave background radiation.88
3.6. D-particle defects and dyonic D-branes
Following up from the above considerations, we would like to mention that another
category of spacetime defects that are characterized by the aforementioned behav-
ior of spacetime lenses are the so-called D-particles. These are stringy defects which
appear in the framework of brane theories.79,80,89 Depending on the type of string
theory considered, D-particles are either pointlike D0-branes (type IIA strings), or
“effectively pointlike” consisting of compactified branes, wrapped around topolog-
ically nontrivial cycles in the compact extra dimensional manifold, which implies
their stability (type IIB strings).90 Embedded in brane Universes, with four un-
compactified spacetime dimensions, such defects may play the role of exotic dark
matter candidates.90–95 Their mass is of order Ms/g, with Ms the string scale,
which is in general different from the four-dimensional Planck mass. Depending on
the D-particle mass, they could also be produced at colliders.91,93
The scattering of stringy matter off such defects96 results in local distortions
of spacetime.97 If one considers string matter propagating through an ensemble
of such defects embedded in a brane Universe then, asymptotically far away from
the (recoiling) defects, the distortions resemble the deficit spacetime of a global
monopole.98 The deficit parameter in this case is provided by the stochastic variance
of the recoil velocity fluctuations in the ensemble of D-particles.
Although the above considerations referred to “neutral D-brane mat-
ter”, nonetheless D-branes79,80,89,99 may be electrically and/or magnetically
charged,100–103 hence their connection with the main topic of this review. It is a basic
property of brane theory that only extended non-perturbartive (p− 1)-branes, with
p > 1, can be magnetically charged, as required by extending the electric–magnetic
duality appropriately to string/brane theory. This lead to the construction of (p−1)-
brane dyons coupled to appropriate Abelian p-form potentials in D = 2(p+1) space-
time dimensions. We remind the reader that, in a first-quantization framework,99 a
(p − 1)-brane, which sweeps a (p)-dimensional world volume Wp, as it propagates
in time, couples electrically to a (p)-form Abelian potential C(p) (Ramond-Ramond
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(RR) gauge field79,80,89)
µp−1
∫
Wp
C(p) , (60)
where µp−1 plays the role of the brane “electric charge e”.
The potential corresponds to a (p + 1)-field-strength form F(p+1) = dC(p+1).
The Hodge dual form of F(p+1), on the other hand, ?F(D−p−1) = d ?C(D−p−2), cor-
responds to a dual (“magnetic”) potential ?C(D−p−2), which couples to the “dual”
extended object with world volume WD−p−3 (“magnetically” charged p-brane):
µD−p−3
∫
WD−p−2
?C(D−p−2) , (61)
with µD−p−3 playing the role of the corresponding brane magnetic charge “g”. In
the concrete example of the type II superstrings in critical dimension D = 10, and
(p − 1)-branes, the (p − 1)-brane charges obey the standard DQC (5) (in the SI
system of units):
µp−1 µ6−(p−1) = 2pin~, n ∈ Z, (62)
compatible with electric–magnetic duality.
Dyonic p-branes, with both electric and magnetic charges, have also been con-
structed,100–103 and by considering their scattering, one may arrive at generaliza-
tions of the Schwinger-quantization conditions (15) (in the SI system of units ):100
e1 g2 + (−1)p e2 g1 = 2pin~, n ∈ Z , (63)
where here we used the notation ei(gi), i = 1, 2, to denote the electric (magnetic)
charges of the scattered dyonic p-branes. The reader should notice the p-dependent
sign between the two terms on the left-hand side of (63).
These considerations can be extended to compactified branes, which allows for
phenomenologically realistic applications in four-dimensional (brane) Universes. For
instance, D3-branes wrapped around a compact extra-dimensional manifold with
the topology of an orbifold T6/Z3, may also be charged under both electric and
magnetic charges, and, from a four-dimensional viewpoint, they may appear as
dyonic black holes.103 If such microscopic black holes are producible at colliders, in
the case of low-string-mass scale theories, then they may lead to high ionization.
In this respect, we also mention that magnetically charged black holes, and their
similarities to magnetic monopoles, have recently been discussed in Ref. 104, where
it was suggested that in some sense such black holes may be viewed as high-charge
bound states of monopoles. The reader should also recall in this spirit, but from
a different perspective, that the self-gravitating KR monopole solution of Ref. 22,
discussed in Sec. 3.5, is linked to a Reissner-Nordstrom magnetically charged black
hole. It is interesting to pursue further such connections between black holes and
monopoles, which may also have consequences for Astrophysics and Cosmology.
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3.7. Other monopole solutions beyond the Standard Model
Topologically stable magnetic monopoles of HP type, but with masses of order of
the electroweak scale have recently been proposed in SM extensions with Higgs
triplet fields.105 The model had been previously proposed as an explanation of the
SM neutrino masses, and involved non-sterile right-handed neutrinos with masses
of order of the electroweak scale, as a consequence of their coupling to a complex
triplet of Higgs scalars. There is a custodial symmetry in the model that ensures that
the W and Z-boson masses are connected as in the SM, MW = MZ cos θW . This
custodial symmetry necessitates the introduction of an extra, yet real, Higgs triplet
which provides the conditions met in the Georgi-Glashow model55 for the existence
of magnetic monopoles of HP type, with masses of the order of the electroweak scale.
We note that the existence of scalar triplets, different from the SM Higgs field, also
characterize the KR magnetic monopole solution22,23 discussed in Sec. 3.5. It is a
necessary ingredient of any model that admits a HP magnetic monopole, which is
connected to the spectrum structure of the Georgi-Glashow model, as discussed in
Sec. 3.1.
New magnetic monopole solutions inspired by an exactly solvable model for a
Berry phase in parameter space have recently been proposed in Ref. 106. The model
has the interesting feature of exhibiting a smooth topology change from a Dirac-like
monopole, when seen far away from the monopole’s position in space, to a dipole
near the monopole position, and half a monopole (with magnetic charge equal to
half of the fundamental Dirac charge) in the transitional region. The configuration
vanishes at the origin. The smooth topology change occurs when the DQC (5) is
in operation when the system couples to electrons, which makes the Dirac string
unobservable.
On closing this section we mention that there are several studies of variants of
(or related to) the Cho-Maison monopole within the extended electroweak theory,
predicting relatively light monopoles, the production of which is in principle feasible
at current and future colliders; for a partial list of references the reader is referred
to Refs. 107, 108, 109, 110, 111. For other theoretical models of monopoles, not
necessarily of low mass, including brane/strings and supersymmetric models, as well
as evolution of local and global monopole and cosmic string networks, which we do
not discuss in our review, we refer the interested reader in the relevant literature
for details.9,10,112–117 and references therein
4. Monopole Phenomenology
In this section we shall discuss the basic phenomenological principles, which the
production of monopole–antimonopole pairs at colliders and in the early Universe
is based upon. We shall commence our discussion by the study of scattering of
matter off monopoles, paying particular attention to subtleties associated with the
construction of an effective field theory, which is a topic still far from being complete.
This first part is relevant for a better understanding of the limitations of data
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analysis in collider searches for monopoles, which are discussed in Section 7.
4.1. Monopole scattering off matter and effective field theories
When considering scattering of a point particle carrying electric charge e off a
dyon carrying magnetic charge g and electric charge ed, within a non-relativistic
quantum mechanical framework,g as appropriate for small relative velocities v of
the scattered dyons, one arrives at the following differential cross section, for small
scattering angle, sufficient for our purposes in this section:28,121
dσ
dΩ
'
(
1
2µv
)2 [
(eg)2 +
(e ed)
2
v2
] 1
(θ/2)4
. (64)
Let us concentrate on the case of the magnetic monopole (ed = 0). One observes that
the cross section (64) in this case can be obtained from the Rutherford differential
cross section
dσ
dΩ
∣∣∣∣
Ruth
=
(
e2
2µv2
)2
1
(θ/2)4
(65)
upon the replacement e2 → egeff, where the effective monopole charge is28
geff ≡ gv ≡ gβ. (66)
Upon invoking electric–magnetic duality, one therefore might expect that geff defines
an effective “velocity-dependent” magnetic charge that describes the behavior of a
magnetic monopole in matter (or equivalently its production from the collision of
SM matter particles, such as quarks or charged leptons, at colliders).
Effective U(1) gauge theories with the coupling (66) of monopoles to ordinary
photons are used in collider searches for extracting monopole mass limits from search
data. In such cases, one employs Lorentz-invariant effective magnetic charges, using
the center-of-mass velocity122–125
β =
√
1− 4M
2
s
, (67)
gA fully fledged quantum field theory for the monopoles is not yet available, although there are
attempts. The first field theoretic attempt for a local field theory without the Dirac string has
been considered in Ref. 41, using two electromagnetic potentials, but only one propagating on-
shell degree of freedom via an appropriate constraint. However, its second quantization was not
considered. We shall come back to it later in the section. Relativistic scattering off magnetic charges
stemming from microscopic theories, has been considered, e.g. see Ref. 118, and compared with
the scattering off structureless background Dirac monopoles, but the full quantum fluctuations
of the monopole have not been taken properly into account. Moreover, a non-local field theory
(dual electrodynamics) has been considered in its high energy scattering limit in Ref. 119. Other
formal field theoretic actions for the monopole exist, for instance the manifestly dual quantum field
theory proposal for electric and magnetic charges of Ref. 120, in which the Dirac string becomes
dynamical. All such formal approaches are interesting and worthy of pursuing, however, in our
opinion, they are not yet in a form that could be used for practical applications in discussing their
interaction with matter, of interest to monopole searches.
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where M is the monopole mass and s = (p1 +p2)
2 is the Mandelstam variable, with
pi, i = 1, 2, the momenta of the colliding particles; quarks or photons, in Drell-
Yan (DY) or photon-fusion processes for monopole production, respectively, to be
discussed in more detail in Sections 4.2 and 7.1. The strong nature of the magnetic
charge, as a result of the Dirac quantization (5), invalidates any attempt to use such
effective perturbative Feynman graph approach to interpret the data.
The important feature of the “velocity-dependent” magnetic coupling (66), (67)
lies exactly on its perturbative nature for small v, which could validate small cou-
pling expansions of near-threshold production of magnetic monopole–antimonopole
pairs (β  1), thus partially allowing for placing monopole mass lower bounds in
collider searches,125 to be discussed further in Sec. 4.1. The result (66), however,
is disputed, since at present there is no rigorous justification for its validity, given
that the fundamental effective field theory underlying monopoles production and/or
scattering of matter is not fully understood.
Moreover, the use of a local and Lorentz U(1) gauge invariant effective action
to describe physical processes involving the monopole is in contradiction with a
well-known paradox (termed “Weinberg paradox”),40 according to which a single
electromagnetic-photon exchange between an electric and a magnetic current leads
to a non-Lorentz-invariant result, as a consequence of the Dirac string. This paradox
stems from the fact that magnetic monopoles, such as the HP or other configurations
(like those studied above) arise as detailed solutions of the classical equations of
motion of Lorentz- (and gauge-) invariant field theories.
A modest attempt towards proving the existence of a velocity momentum ef-
fective magnetic charge, but also resolving the Weinberg paradox, has been un-
dertaken in Ref. 126, where an effective U(1)em × U(1)dual gauge field theory for
monopole–photon coupling has been developed, where U(1)em denotes the (weakly)
coupled gauge group of electromagnetism, while U(1)dual is a strongly coupled
(“dual”) gauge group. One uses a Schwinger-Dyson (SD) approach for resumming
the photon–monopole graphs in a gauge and Lorentz-invariant way, using techniques
developed in Ref. 127. The approach has its starting point in the two-potential for-
malism of Ref. 41 for constructing a local effective action for the magnetic monopole,
avoiding the use of Dirac strings.
The SD analysis of Ref. 126, results in a dressed monopole–photon vertex, imply-
ing a renormalized coupling Z(k)eA. The quantity eA denotes the bare coupling of
the monopole to photons and Z(k) (with k a momentum scale) is the wave-function
renormalization, due to effects of the strongly coupled dual U(1)dual gauge field:
Z(k) ' Z0
k0
(k − k0) , Z0 = e
2
A + e
2
B
8pi2 + 3(e2A + e˜
2
B)M0/M
, e˜2B =
3 e2B (e
2
A + e
2
B)
3 e2A + 7 e
2
B
,
(68)
with eB the bare coupling of the dual U(1)dual gauge field to the monopole. The
quantities M0, k0 are fixed mass scales. One may take k0 = 2M0, and interpret the
mass scale M0 as the monopole (rest) mass.
126 The bare couplings eA and eB are
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renormalized (R) in a similar way, through Z(k): (eA)R = Z(k)eA, (eB)R = Z(k)eB .
The wave-function renormalization (68) is purely non-perturbative and vanishes as
the bare couplings go to zero, unlike the standard perturbative treatments.
γ
χ
ψ
χ¯
ψ¯
ZeA
e
Fig. 10. Typical scattering graph between an electron (ψ, black line) and a fermion-monopole (χ,
blue line), involving the exchange of a single electromagnetic photon (γ, wavy line). The blue blob
denotes the dressed coupling ZeA due to quantum corrections induced by the strongly coupled
dual photon.
On considering the single electromagnetic photon exchange graph of Fig. 10 in
this Uem(1)×U(1)dual theory, one may compute the corresponding differential cross
section in a frame where the monopole is initially at rest. The Feynman diagram of
Fig. 10 makes sense if the dressed coupling of the monopole to the electromagnetic
photon γ is small, which necessitates Z < 1 (68), and can be achieved for k → k0.
At small scattering angles, of interest to us for comparison with (64) in the case
ed = 0, the differential cross section is:
dσ
dΩ
∣∣∣∣
LAB
'
(
Z eA e
2µ|~v|2 sin2 θ2
)2
θ1'
(
Z0
k−k0
k0
eA e
2µ|~v|2
)2
1
(θ/2)4
, (69)
where µ is the reduced mass of the electron–monopole system.
Comparing (69) with (64) (in the magnetic monopole case (ed = 0)), yields an
expression for the effective coupling of the monopole to photons, which is identified
with the effective magnetic charge (66):
geff = ZeA ' Z0 k − k0
k0
eA ,
|k − k0|
k0
→
√
E2 − 4M20
2M0
=
E
2M0
√
1− 4M
2
0
s
' β, (70)
where we identified the scale |k − k0| with a proper (Lorentz invariant) center-
of-mass momentum scale, consistently with the effective field theory approach for
monopole–antimonopole pair production;122–125 E2 = s = (p1 + p2)
2 is the relevant
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Mandelstam variable (with p1 (p2) the incoming (outgoing) four momenta of the
electron ψ in the scattering process of Fig. 10). The magnetic charge is identified
with
g = Z0 eA . (71)
The DQC for the monopole (5) would then require
Z0 eA =
n
α
e , n ∈ Z , (72)
with α the fine structure constant of electromagnetism. Compatibility with the
quantization condition (72) restricts the range of the model parameters.126 The
above effective description can also describe production of monopole–antimonopole
pairs from charged matter, taking into account that by rotating the graph of Fig. 10
by 90° counterclockwise.
An important remark is in order at this stage, concerning the fact that the wave-
function renormalization is less than one, Z < 1, in the regime of interest. This would
violate the unitarity bound128 that requires the wave-function renormalization to be
larger than one, should the monopole be an elementary particle asymptotic state.
However, such a bound can be evaded for composite states, either of known type
discussed in the monopole literature so far, and reviewed in previous sections of
this review, or new, yet unknown, structured solutions to be discovered in theories
beyond the Standard Model. Hence, for consistency, the effective field theory of
Ref. 126, should describe only composite monopoles, like the ones we have discussed
in our previous section.
In the model of Ref. 126, both the magnetic and electric charge couplings of the
monopole to photon and dual photon are perturbative for slowly moving monopoles,
due to the wave-function renormalization screening effects on the effective magnetic
charge (71). For such perturbative couplings, the leading soft gauge field (photons
and dual photons) emissions that affect generic scattering processes of electrons
off fermion monopoles are depicted in Fig. 11. The resummation of such processes
can be performed as in Ref. 127, leading to the exponentiation of any (Lorentz-
violating) Dirac-string dependent terms, that they now appear only in the phases
of the amplitude,127 and thus do not affect the cross section. We also remark,
however, that upon the DQC (5), these effects disappear also from the phase of the
scattering amplitude,127 thus resolving the “Weinberg paradox”.40
This completes our discussion on the self-consistency of the use of the pertur-
bative effective U(1) gauge field theory approach to the (slow) monopole–matter
scattering, as well as the (near-threshold) monopole–antimonopole pair-production
from Drell-Yan or photon fusion processes. We shall discuss in some detail such col-
lider production122–125 and monopole–matter scattering129,130 processes in Sec. 7.1
and Sec. 7.2, respectively.
On closing this section, we would like to mention that there are other relativistic
effective field theory approaches to describe quantum effects of the interaction of
magnetic monopoles with photons, which do not address the aforementioned issue of
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Fig. 11. Typical scattering graphs between a charged matter fermion ψ (black lines) and a spin-1/2
monopole χ (blue lines) in a two-potential U(1)×U(1) effective field theory. Wavy lines denote real
(on-shell) soft electrodynamical photons Aµ, or the dual gauge bosons Bµ of the strongly coupled
U(1), the latter associated only with the monopole/dyon. The gray blobs denote generic scattering
processes, involving all fields. For slowly moving monopoles, Z  1 ensuring perturbativity of all
couplings, hence the depicted graphs denote the leading corrections in both Aµ and Bµ sectors. In
such a case, resummation of the soft on-shell photons exponentiates the Dirac-string effects into
phases of the pertinent scattering amplitudes,127 thus resolving the Weinberg paradox.40
“velocity-dependent” magnetic charge. Such approaches can be roughly separated
into two classes, depending on how the quantum effects renormalize the electric e
and magnetic g charges. In the first class, pioneered by Schwinger, the magnetic
and electric charges are renormalized in the same way, given that the corresponding
renormalized couplings are expressed in terms of a common wave-function renor-
malization.131–136 In this class of approaches, DQC (5) seems to depend on the
renormalization scheme. From this point of view, the model of Ref. 126 belongs to
this class of approaches, but, as already mentioned, the solution (68) of the wave-
function renormalization is novel and purely non-perturbative. The second class of
approaches to renormalization of the magnetic charge137–141 argues in favor of the
magnetic and electric charges wave-function renormalization functions, Zg and Ze,
respectively, satisfying ZgZe = 1, which implies that the DQC (5) is independent of
the renormalization point. For a comprehensive discussion on, and further compar-
ison between, these approaches we refer the interested reader to the literature27,142
and references therein.
4.2. Composite versus pointlike (Dirac) monopoles at colliders
Having discussed detailed models of light monopoles, based on spontaneously broken
gauge theories, it is interesting to discuss their production at colliders. As we shall
see below, a small mass is not the only criterion for production, given that composite
monopoles with structure, as opposed to pointlike monopoles, envisaged by Dirac,
exhibit extremely suppressed production rates at colliders. This was discussed in
Ref. 143 some time ago, in the context of the ’t Hooft-Polyakov monopole,3,4 but
the arguments can be straightforwardly generalized to apply to the other structured
monopoles we mentioned above. The main idea is that a composite monopole, like
the ones we discussed in the previous sections (HP, GUT, CM and variants, KR
monopoles) are finite extended objects, and as such can be represented as coherent
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quantum states of the quanta of the constituent fields. Below we review briefly those
arguments.
As we have discussed above, a HP monopole comprises Higgs (“φ”) and non-
Abelian (“W”-)gauge boson field quanta. The authors of Ref. 143 estimated that
the average numbers of the quanta of those constituent fields, nφ, nW , respectively,
that constitute the magnetic monopole are both of order 1/α, where α is the fine
structure constant of the gauge group in question. The basic assumption that lead
them to such estimates was that the self-interaction scalar coupling was of order
λ ∼ α. If a monopole occupies a volume δV , then the Higgs field has an average
magnitude 〈φ〉 = φ0 over that volume, where 〈. . . 〉 denotes its vacuum expectation
value. The authors of Ref. 143 made an analogy of the Higgs field quanta inside
the volume δV with a collection of quantum harmonic oscillators in a coherent
quantum state |ξ〉 with ξ = φ0. The average number of quanta in a coherent state
of the harmonic oscillator with Hamiltonian Hosc =
1
2kξ
2+ 12 µ ξ˙
2, where the overdot
denotes time derivative, is nξ =
1
2
k ξ2
~ω , where the frequency of the harmonic oscillator
is ω = (k/µ)1/2. In the field theoretic analogue of the Higgs field, of interest here,
one has a field-theoretic Hamiltonian density H = 12 φ˙2 + 12m2Hφ2, where mH is the
Higgs mass in the spontaneously broken phase of the gauge group. Thus, the analogy
with the harmonic oscillator problem goes through upon making the correspondence
µ→ 1, k → m2H and ω → mH , which implies that the Higgs-field quantum density
in the monopole volume is
dnφ
dV
= mH φ
2
0 . (73)
In the HP prototype monopole,3,4 as we have discussed, the monopole core radius
is Rm ∼ m−1W , where mW is the mass of the W -gauge bosons in the spontaneously
broken gauge symmetry phase, with mW ∼ mH = λ1/2 φ0. hence, from (73), we
have that in a typical monopole volume Vm =
4
3piR
3
m, the average number of Higgs
quanta is 143
nφ = VmmH φ
2
0 =
4pi
3
mH
q3e φ0
∼ λ
1/2 4pi
q3e
∼ 1
α
, (74)
where qe denotes the electric charge, satisfying the quantization rule (27). The
average number of gauge quanta is also estimated to be of the same order
nW ∼ 1
α
, (75)
since inside the monopole the magnitude of the gauge fields is or order Aµ ∼
gm/Rm ∼ mWqe = φ0, with gm the magnetic charge satisfying the quantization
rule (27). In fact, the estimates (74), (75) are consistent with the interpretation
of the large magnetic coupling of the monopole gm =
1
α qe (cf. (10)), which char-
acterizes production processes involving the decays of an intermediate photon to
monopole–antimonopole pairs (see Fig. 12), as a collective coupling of 1/α bosons
inside the monopole to a soft photon. For further arguments on the consistency of
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this picture, which is in agreement with generic expectations on the behavior and
properties (including stability) of monopoles in the quantum theory, we refer the
reader to Ref. 143.
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(a) Pointlike monopoles
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(b) Composite monopoles
(c) Decomposed monopoles
Fig. 12. Cross sections for the production of pointlike (Dirac) monopoles at colliders, through
the scattering of SM fermions (cf. Fig. (a)), are very different from the corresponding processes
involving production of composite monopoles (cf. Fig. (b)). The latter processes involve the creation
of coherent quantum states of the constituent particles (Higgs-like scalars, gauge bosons, etc.),
which eventually result in the production of monopole–antimonopole pairs (cf. Fig. (c)), only after
a sufficient number of field quanta (of order 1/α, where α is the fine structure constant of the
gauge group of the model that contains monopoles) is perturbatively generated. As a result, the
corresponding production is extremely suppressed.
We next use the above results to estimate the production cross section of a
monopole–antimonopole pair at colliders. Typical processes are the ones depicted
in Fig. 12, involving annihilation of charged SM matter fermions (charged leptons
or quarks) into intermediate photons, which then decay to monopole–antimonopole
pairs (Drell-Yan processes). As we shall argue below, following Ref. 143, there is an
extreme suppression of such processes if the monopoles are composite. For other pro-
cesses on monopole production through photon fusion (see Sec. 7.1, below), similar
suppression arguments apply, so restricting our discussion to Drell-Yan production
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suffices.
To this end, we consider first a typical tree-level Feynman diagram for the Drell-
Yan production of pointlike (structureless, Dirac-type) monopole–antimonopole
pairs, MM , like the one depicted in Fig. 12a. The corresponding total cross section
is easily estimated from this tree level graph:
σ(0)(e+e− →MM) ' 4pi
3
αe αm
Q2
∼ 1
Q2
, (76)
where Q indicates the momentum of the intermediate photon, and αe(αm) are the
fine structure constants for the electric qe (magnetic gm) coupling constants, sat-
isfying the quantization rule (27), which leads to the approximate equality on the
right-hand side of (76). The caveat here is that the strong magnetic coupling inval-
idates any calculation based on this graph, but this does not affect our arguments
in this section; for more discussion see Sec. 7.1
The production cross section of composite monopole–antimonopole pairs like
the one depicted in Fig. 12b is expected to be suppressed by a form factor |F 2|,
compared to (76):
σ(e+e− →MM)comp = |F 2|σ(0)(e+e− →MM) , (77)
which we now proceed to estimate, following Ref. 143.
To this end, we first note that the intermediate steps involved in the process (see
Fig. 12c) can be handled using naive perturbation theory, especially if the interme-
diate processes involved are electroweak, which is most relevant for experimental
monopole searches at current colliders. Since in view of our previous discussion, each
monopole contains 2/α scalar (Higgs-like) and gauge-boson quanta ((74), (75)), the
latter are produced by at 2/α-order in the respective perturbation theory, and as a
result the respective cross section will be given by the corresponding for pointlike
monopole production, suppressed by the square of a form factor F :
F ' (qe)2/α, |F 2| ' (qe)4/α. (78)
Expressing the qe (“electric charge”) coupling in terms of α as qe = (4piα)
1/2, and
using that for the electroweak Drell-Yan processes of Fig. 12 one has in order of
magnitude α ∼ e−1, where e ' 2.72 is the exponential mathematical constant, we
arrive from (78) at143
|F |2 ∼ e−4/α ∼ 10−250 . (79)
One arrives at similar suppression by applying more sophisticated arguments, as dis-
cussed in Ref. 143. Notice that the form of the suppression, with the inverse square
coupling in the exponent of the exponential in (79) is reminiscent of the probability
for tunnelling processes in quantum mechanics. This indicates that any attempt to
produce composite monopoles in current colliders seems futile, and one has to resort
to cosmic searches, where such composites monopoles have been produced in the
early Universe.
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4.3. Monopole vacuum production in strong external conditions
However, there may be an alternative, which can put collider searches for com-
posite monopoles back on track. This is associated with unsuppressed monopole–
antimonopole pair (MM) production from the vacuum a` la Schwinger,144 but in
strong external conditions, such as high temperature and/or strong magnetic fields.
It was shown145 (and also argued independently143) that such a mechanism will lead
to unsuppressed MM -pair production, with a rate of production per unit volume
(in the presence of a magnetic field at zero temperature):
dNMM
dV dt
' g2mB2 exp
(
− m
2
M
gmB2
)
, (80)
where mM is the mass of the monopole M , gm is the magnetic coupling, V denotes
the spatial volume, and B is the external magnetic field.
Strong magnetic fields are required in order to lead to appreciable rates. Re-
cently this issue was re-examined in more details in Ref. 25, and actually the case
was generalized to include thermal environments as well, corresponding to high tem-
peratures and external magnetic fields, such as neutron stars or heavy-ion collisions
at LHC.26 The perturbative computations of Ref. 25 were valid as long as
m2M & g2mB, T
√
2pi−3/4
(gmB3
m2M
)1/4
, (81)
and the MM -production rate per unit volume ΓT is estimated to be:
25
log(ΓT ) = − m
2
V
gmB
[
S˜(gm,mM , B, T ) +O
(
gmB
m2M
log
(
gmB
m2M
))]
,
S˜(gm,mM , B, T ) = 2
gmB
mMT
(
1−
√
g3mB
4pim2M
)
. (82)
In heavy-ion environments, such as those of LHC (or the interior of neutron stars),
where the above conditions can be met, the total cross section σMM for the thermal-
and-magnetically-catalyzed MM -production is expressed in terms of the inelastic
differential heavy-ion (HI) collision cross section dσinelHI /db as
26
σMM =
∫
db
dσinelHI
db
p(b), p(b) =
∫
R(b)
d4xΓT
(
mM , gm, B(x; b), T (x; b)
)
, (83)
where b is the impact parameter, and R(b) denotes the spacetime region over which
the fireball that is created during the HI collisions is extended. There are strong
magnetic fields inside that fireball, as a result of the fast moving electric charges.
In HI LHC collisions, considered in Ref. 25, the magnetic field has been esti-
mated26 to be B160 GeV = 0.0097 GeV
2. The upper bound (UB) on σMM < σ
UB
MM
=
1.9 nb is taken into account in Ref. 26 to determine the minimum allowed monopole
mass for such a process to take place, via the inequality
log
(
σinelHI
σUB
MM
)
. m
2
M
gmB
S˜(gm,mM , B, T ) , (84)
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from which the minimum allowed monopole mass is estimated to be:25
mM &
(
2.0 + 2.6
(
gm
gD
)3/2)
GeV, (85)
with gD the fundamental Dirac charge (11).
The above limit might look much weaker than the one imposed in collider
searches for magnetic monopoles (see Section 7), Nonetheless, it is based in a much
more physically realistic situation, given the aforementioned suppression of the
composite-monopole production cross section, which invalidates the collider bounds
for composite monopoles. Moreover, thermal production of monopoles is more or
less independent of their compositeness. We shall discuss more about the relevant
research strategies in the next section.
Before closing this section, we would like to mention that inhomogeneities of
the magnetic field in HI collisions have been taken into account in Ref. 146. Un-
fortunately, the computations of the associated cross sections for the monopole–
antimonopole pair production are limited to small-size monopoles, smaller than the
curvature of the worldline instanton employed in the calculations of Ref. 146. This
makes the study not suitable for realistic HI collisions at LHC. The role of the finite
size of the monopoles on their thermal production has also been discussed in the
context of HP monopoles3,4 in the Georgi-Glashow SU(2) model55 in Ref. 147, with
the conclusion that the rate for thermal production of finite-size monopoles is higher
than that of pointlike monopoles. Moreover, it was shown that the production of
monopole–antimonopole pairs occurs as a consequence of classical instabilities of
the magnetic fields, above a critical value of their intensity, which equals roughly
the value above which the thermal Schwinger vacuum monopole–antimonopole pair
production becomes unsuppressed.25
4.4. Monopolium
A possible explanation for the lack of experimental confirmation of monopoles is
Dirac’s proposal1,2, 148 that monopoles are not seen freely because they form a
bound state called monopolium149–151 being confined by strong magnetic forces.
This hypothetical state could be produced in the laboratory124,152–156 or may have
been formed naturally in the early Universe. Such objects, though unstable, could
have an interesting physical evolution in time, dependent upon their masses, their
initial classical radii and their core structure. For GUT monopoles with mass of the
order of 1016 GeV, the monopolium lifetime can range from days — for an initial
diameter of about a fermi — up to many times the lifetime of the Universe, when
their diameter is & 10 pm .149 While behaving as a classical system, they will radiate
characteristic dipole radiation up to high energies. Hence a monopolium system
provides a window on the physics of elementary processes up to the extremely high
energy scale characterized by its mass and could, in principle, yield information
about the physics between current collider energies and the grand unification scale.
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The production of monopolium states in colliders and its subsequent decays to
di- or multi-photon final states, as well as proposals for its detection, has been
studied thoroughly in the literature.124,152–156 We stress here that monopolia can
be relatively light, due to their strong binding, and can therefore serve as possible
probes of heavy (yet not of GUT scale) monopoles in colliders.153 This aspect of
the monopolium phenomenology is discussed in some detail in Sec. 7.1, while the
scattering of charged particles off monopolia129,130 is briefly presented in Sec. 4.1.
4.5. Monopoles and the dark sector of the Universe
The possibility that pointlike topological defects (PLTD), such as monopoles, may
be viable dark matter candidates has been considered in Ref. 157. The originally pro-
posed Kibble mechanism158 for the production of such defects in the early Universe,
which is associated with the topology of the coset space G/H of the spontaneous
breaking of a symmetry group G down to a subgroup H ⊆ G, with a (nontrivial)
second homotopy group pi2(G/H) 6= 0, drastically underestimates the abundance
of such primordial defects. Kibble mechanism actually provides a lower bound for
the density of PLTD which is roughly one per horizon. This, in turn, would imply
the following estimate for the density nD of such defects per entropy density s of
the Universe: nD/s ∼ (T 3c /MP)3, where Tc is the critical temperature for the phase
transition in the early Universe associated with their production, which means that
only phase transitions close to the GUT scale would produce non-negligible abun-
dances. However, Zurek159 has subsequently provided a different estimate for the
production of PLTD, predicting substantially increased abundances in the early
Universe, such that even phase transitions above a few TeV energies might produce
interesting (and even dangerous!) abundance of such defects.
In fact in Ref. 157, it was pointed out that, if such defects, including magnetic
monopoles arising from the breaking of appropriate gauge symmetry groups, are
produced non thermally in the early Universe, via the Kibble-Zurek extended mech-
anism, then they could play the role of cosmological dark matter candidates with
masses in the range 1–109 GeV. Indeed, since their correlation length ξ scales with
the temperature as: ξ ∼ ξ0 |1−T/Tc|−ν , near the critical temperature regime, where
ν is the critical exponent of the second-order phase transition assumed in Ref. 157,
then the estimated density at production becomes much larger than the one in the
original Kibble mechanism, nD/s
∣∣∣
T=Tc
' 0.006
(
30Tc/MPl
)3ν/(1+ν)
. With ν close
to157 ν ∼ 2/3, this predicts an abundance that can be several orders of magnitude
larger than the one by the original Kibble mechanism, implying the potential role
of the PLTD as dark matter. After their production the magnetic monopoles are
stable, and their number can only attenuate via monopole–antimonopole annihila-
tion, which has been properly taken into account in Ref. 157, leading to a monopole
density nM ∼ 7.9 × 10−22(Tc/(1 TeV)). The latter can be used to discuss dark
matter phenomenology for a range of Tc, which leads to the aforementioned mass
range for acceptable dark-mater candidates.
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The above arguments on significant production of magnetic monopoles in the
early Universe appear generic, provided the above assumptions of second order
phase transitions and critical behavior are valid. In this sense, the above de-
scribed type of dark matter phenomenology may include several types of magnetic
monopoles produced in GUT gauge theories, including relatively low-mass ones,18
global monopoles,86 associated with the spontaneous breaking of O(3) internal sym-
metry, as well as their string-inspired magnetic monopole extensions22,23 discussed
in Sec. 3.5. In the latter case, though, one should carefully study the associated
phase transitions, as the cosmology of the string universe might lead to different
results, depending on the model used.
In some extra-dimensional models for the Universe, with non-simply connected
compact manifolds, cosmic string loops, produced at the end of the inflationary
phase,160,161 may wrap around nontrivial cycles of the extra-dimensional manifold,
thus becoming topologically stable.162 Such objects can behave as “monopole mat-
ter” during the radiation era of the Universe, and they may pose a monopole prob-
lem, unless their density is appropriately diluted, depending on parameters of the
model. Their cosmic time evolution has been studied in Ref. 163, in the context of
brane-inflation Universe models. Generically it was found that to avoid domination
of their density before the matter–radiation transition in the Universe, the wrapped
cosmic-string loops should be extremely light, with linear mass density Gµ < 10−18
(with G = M−2P the four-dimensional Newton’s gravitational constant). However,
there are regions in the parameter space of the models, which allow for heavier
cosmic string loops Gµ ∼ 10−14, which make them phenomenologically consistent
dark-matter candidates.
Another association of magnetic monopoles with the dark sector concerns models
in which the monopoles live only in the hidden sector of a beyond-the-Standard-
Model theory, which could involve extra spacelike dimensions.164–170 They could
have interesting implications for the observable sector as dark-matter candidates
through appropriate portal interactions that connect the dark and visible sectors
in such models. Moreover, dark sector monopoles may be used as a toy laboratory
for the study of scattering of matter off them, given that in certain models the cou-
pling of the dark-sector magnetic monopole to matter or radiation may be assumed
perturbative, in contrast to the case of the observable sector magnetic monopoles,
whose coupling to ordinary matter and radiation is strong, as a consequence of the
DQC (5).
Indeed, one such model was presented in Ref. 127, in which the dark-sector
magnetic monopoles couple perturbartively to the observable sector photons via
mixing of the respective Maxwell field strengths. In this way, the authors of Ref. 127
have managed to demonstrate, via resummation of soft-photon emission graphs,
that any Lorentz-violating effects of the (dark) magnetic monopole due to the Dirac
string can be absorbed in the phase of the matter–monopole scattering amplitude,
leaving the cross section Lorentz- (and gauge-) invariant. Upon the imposition of
the DQC (5), such effects cancel out in the phase, so the amplitude itself is Lorentz
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invariant. In this way, the model provides a resolution, within this perturbative dark-
monopole framework, of the Weinberg paradox,40 associated with the violation of
Lorentz invariance in a single-photon-exchange graph between and electric and a
magnetic current, due to the Dirac string.
Such interesting avenues for research are worth pursuing in the future, as they
may provide useful information that would not only further our understanding of
the properties of magnetic monopoles, but also assist our hunt for dark matter,
and more generally, our quest for understanding the dark sector of the Universe,
including dark energy.
5. Monopole Detection Techniques
Monopole detection techniques rely on the various types of their interactions with
matter, which are briefly discussed in this section. It is worth noting that the same
technique may be applied to monopoles of different origin, i.e. for cosmic rays or
when produced in colliders. However, the sensitivity — and thus the detector opti-
mization — may vary and depend, e.g. on the monopole velocity.
5.1. Ionization and excitation
Charged particles carrying electromagnetic or magnetic charge will deposit some
amount of energy through the ionization process and excitation of atoms when they
traverse matter. To calculate the energy loss of monopoles passing through matter,
the energy transfer of the monopole to the surrounding medium is considered. There
are three primary ways via which the energy can be dissipated and their importance
depends on the monopole velocity β and the medium.12
Ionization The energy transferred leads to the production of free electrons. This
is given by the Bethe-Bloch formula discussed below and is the dominant
energy-loss mechanism for fast monopoles (β > 0.05) moving in gaseous
detectors.
Atomic excitation The energy is transferred to atoms of higher energy states.
It starts to dominate the energy loss at slower monopole speeds, i.e. for
10−3 . β . 10−2.
Elastic collisions with atoms The energy loss is due to atoms (nuclei) recoiling
through the monopole coupling to atomic or nuclear magnetic moment. It
becomes important for even slower monopoles (β . 10−3) and different
energy-loss calculations have been performed for diamagnetic and param-
agnetic materials.
The energy loss per path length traveled due to ionization, dE/dx, for a particle
with electric charge ze is well described by the Bethe-Bloch formula171
− dE/dx = z2KZ
A
1
β2
[
1
2
ln
(
2meβ
2γ2
I2
)
− β2
]
, (86)
where K = 4piNAr
2
emec
2, with Z (A) the atomic number (mass) of the medium and
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I its excitation energy; me (re) the electron mass (radius); and NA the Avogadro
number. The ionization energy loss for electric charges can be adapted for a magnetic
charge ngD by replacing ze→ ngDβ.172 The stopping power then becomes
− dE/dx = (ngD/e)2KZ
A
[
1
2
ln
(
2meβ
2γ2
I2
)
− β2
]
(87)
For instance, a relativistic monopole with charge gD loses energy as a nucleus with
z ' 69, or (gD/e)2 = 68.52 ' 4,700 times more than an electron. This makes even
a singly charged monopole a highly ionizing particle (HIP).
Through the ionization process and excitation of atoms, liquid or plastic scintil-
lators, gas detectors, and nuclear track detectors (NTDs) are sensitive to monopoles.
Scintillators Atom excitation induced by slow monopoles of β & 10−4 passing
through a scintillation counter invokes a light yield much larger than that
of a minimum ionizing particle. The light yield is saturated for velocities
10−3 . β . 10−1, whilst it increases again for β > 0.1 due to secondary
emission of δ-rays.14
Gaseous detectors Drift and streamer tubes have a lower cost compared to scin-
tillators. At velocities β & 10−3 the high ionization provides a good handle
to distinguish monopoles from minimum ionizing particles such as muons.
For slower monopoles and for gases such as H and He, the Drell173 and
Penning effects can be exploited: a magnetic monopole leaves the atoms
in a metastable excited state and the monopole can be detected by the
radiation produced by the subsequent return of electrons to their ground
state.
Nuclear track detectors When traversing NTD panels, highly ionizing particles,
such as magnetic or high electric charges, damage the material at the level
of polymeric bonds within a cylindrical region extending to a few tens
of nanometers around the particle trajectory, forming the so-called latent
track .174 The latter is related to the restricted energy loss, which is the
fraction of the total energy loss localized in this cylindrical region. When
the NTD sheets are chemically etched after exposure, the latent tracks are
revealed as cone etch pits, which can be identified after proper scanning
of the NTDs. Concerning the material used, plastic CR-39 is the most
sensitive having a threshold of z/β ' 5 .14,172,175 The Makrofol® and
Lexan™ polycarbonates have a higher threshold of z/β ' 50, hence they
are sensitive only to extremely slow monopoles and to very high electric
charges. The efficiency of these detectors also depends on the incidence
angle; the steeper the angle the lower the thresholds. NTDs are calibrated
by exposure to heavy-ion beam fragments.175,176
One disadvantage of these detection techniques is that it is in general difficult to
disentangle magnetic from high electric charges solely from the energy deposit in-
formation. So a careful review of the radiation environment of the setup is necessary
in order to exclude the possibility that the candidate event is due to background
Magnetic Monopoles Revisited 49
sources, e.g. from heavy ions. However, it is worth stressing here that, due to the
different energy loss dependence on β (86),(87), the etch-pit cone shapes of subse-
quent layers of NTDs may provide a means to discriminate between magnetic and
electric charge.
As an alternative to NTDs, the use of solid state breakdown counters (SSBC)
has been proposed.177 The SSBC exhibits high dE/dx thresholds, convenience of
electronic registration and simplicity of fabrication, operation, and signal extraction,
however more research and development is required to render it an attractive means
for monopole detection.
5.2. Induction
This detection technique is based on the long-range electromagnetic interaction of
a monopole with the microscopic state of a superconducting loop and it is directly
sensitive to the magnetic charge g. The magnetic flux of a monopole passing through
the loop is given by 4pig = hc/e, where h in the Planck constant. A superconduct-
ing loop compares this flux with the elementary flux quantum φ0 = hc/2e, where
the factor two arises from the electrons appearing as Cooper pairs. The induced
persistent electric current ∆i in a coil with N turns and inductance L is given by
the formula
∆i = 4piNg/L. (88)
The major background for these experiments are small changes in Earth’s mag-
netic field, therefore shielding of the ambient field is required with extreme caution,
leading to high costs for detectors with broad surveillance areas. As a consequence,
this technique is no longer used to search directly for monopoles of cosmic origin,
yet it is still widely used in searches for monopoles bound in matter, as we shall
discuss in Sections 6.1, 7.3 and 7.5.
5.3. Cherenkov light
When traversing a medium such as water or ice, relativistic monopoles would lose
some of their energy to Cherenkov radiation. When the monopole speed exceeds the
group velocity of light in that particular medium, photons are emitted from excited
atoms in the medium. Electrically charged particles also give rise to Cherenkov
radiation, yet the number of photons emitted is then much smaller. In water and
ice, having a refractive index nr ' 1.33, a monopole with one Dirac charge generates
(gDnr/e)
2 ' 8, 300 more photons than a particle with one electric unit charge
traveling with the same speed. The radiation can only be produced by particles
with speeds above a threshold of βthr = 1/nr ' 0.75. The photons are emitted
coherently under a fixed angle cos θC = 1/βnr, which for water or ice is θC ' 41.2◦
for relativistic monopoles. As presented in Sec. 6.3 below, this phenomenon is the
principal technique used in neutrino telescopes to look for monopoles.
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5.4. Catalysis of nucleon decay
As explained in detail in Section 3.2, it has been proposed that the boson in the
core of a GUT monopole may cause nucleons to decay by performing transitions
between quarks and leptons, as predicted by the Callan-Rubakov mechanism.57–59
Such processes, such as uud → e+d¯d and udd → e+u¯d, violate the baryon-number
conservation. The process cross section, σ0, is of the same order as that of the strong
interactions while the branching fractions of the aforesaid transitions exceed 90%.
The decay products, being much lighter than their parents, are highly relativis-
tic, e.g. pions subsequently decay into neutrinos. Besides this two-stage neutrino
production, the possibility of utilzing direct proton decay to monochromatic neu-
trinos from the Sun to detect this effect has been proposed in Ref. 178. Therefore,
along the trajectory of a catalyzing monopole in medium, outbursts of Cherenkov
radiation would occur. The catalysis cross section depends on the monopole–nucleon
relative velocity as σcat = (σ0/β)F (β), where F (β) is a correction factor relevant
for speeds below a threshold. Hence, nucleon-decay catalysis allows detection of ex-
tremely massive sub-relativistic monopoles, e.g. in neutrino telescopes (see Sec. 6.4).
6. Searches for Monopoles of Cosmic Origin
If magnetic monopoles of cosmic origin do exist, they must have been formed shortly
after the Big Bang, presumably as topological defects arising when the Universe
expanded and cooled. The existence of the galactic magnetic field B ' 3 µG would
accelerate such monopoles, thus draining energy from the magnetic field. In order
for the galactic field to sustain, its dissipation must not exceed its regeneration.
This requirement implies that an upper flux limit should be respected, the so-called
Parker bound179
Φ . 10−15 cm−2s−1sr−1. (89)
The (tighter) extended Parker bound takes into account the survival of a small
galactic seed field and lowers the flux bound to180
Φ . 10−16(M/1017 GeV) cm−2s−1sr−1, (90)
where M is the monopole mass and a magnetic charge of 1gD is assumed.
Blas Cabrera and collaborators at Stanford University set up an experiment
with a four-turn, 5-cm-diameter loop, with its axis vertically oriented, connected to
the superconducting input coil of a SQUID (superconducting quantum interference
device) magnetometer.181 He reported a single candidate event during the 151 days
of his experiment operation on February 14th 1982. Although the event had the
right flux-step size for a Dirac monopole, another plausible explanation could be
a mechanically induced offset. Despite further improvements of the experimental
setup to suppress possible background sources, this result was not confirmed. If
this candidate event is considered to be spurious, these data set an upper limit
of 6.1 × 10−10 cm−2s−1sr−1, which is much larger than the Parker bound. The
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best bound given by an induction detector on cosmic monopoles was obtained later
by the same group: 90% confidence level (CL) limit on monopole flux of 7.2 ×
10−10 cm−2s−1sr−1.182
A few years after the Stanford event observation, another unusual event was
recorded this time at Imperial College London in a setup with two superconducting
loops.183 The event, which occurred on August 11th 1985, is shown in Fig. 13 (left).
It was observed during an operational period of total exposure×area corresponding
to 400 times that of Cabrera’s. Possible explanations such as mechanical shock,
residual magnetic flux or cosmic rays have been ruled out by the research team and
it remains unexplained as of today.
Fig. 13. Left: Section of the detailed high-frequency record, showing event-160 recorded at 07:06
(BST) on August 11th 1985 at Imperial College. Time is shown in minutes and seconds. The bar
indicates the offset corresponding to a change of a flux quantum of superconductivity, Φ0. From
Ref. 183. Right: Photomicrographs of the anomalous track in the balloon-borne experiment: (a) a
Lexan™ sheet, viewed edge-on; and (b) the emulsion sheet, viewed nearly vertically. From Ref. 184.
Another monopole candidate had been seen earlier in 1973 at Berkeley by a
team led by P. Buford Price, in a balloon-borne Lexan™ emulsion stack.184 The
NTD and emulsion sheets had recorded an unusual track corresponding to a HIP
moving downward at near-relativistic speed, as shown in Fig. 13 (right). The track
seemed consistent with a magnetic monopole of charge 2gD, velocity 0.5c and a
mass of & 200 GeV. However, comprehensive studies indicated that the track was
probably due to the double fragmentation of a platinum nucleus.185,186
Events compatible with the passage of a magnetic monopole, as the aforemen-
tioned cases, showcase an interesting feature of monopole searches. Due to their
unique feature, the magnetic charge, their existence is expected to be inferred from
the observation of singular events with practically no obvious background sources in-
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volved. This is in contrast to modern-era particle-physics experiments where signals
of New Physics are expected to manifest themselves as excesses over accumulated
background distributions, the latter being estimated frequently through data-driven
methods. On the downside, these unique monopole-like events may be due to back-
ground sources too rare to be accounted for or studied with real data. This different
paradigm of monopole searches is by no means a defect; it rather underlines the
great care with which such candidate events should be interpreted.
Monopoles of cosmic origin can be detected by exploiting any of the techniques
outlined in Sec. 5. The search may involve old material where monopoles may be
either trapped or may have left tracks, as discussed in Sections 6.1 and 6.2, respec-
tively. However, most of the searches, described in Sec. 6.3, seek monopoles in-flight
interacting with detectors covering a wide spectrum of monopole masses and veloc-
ities. Lastly, searches for effects of monopole-catalyzed decays, e.g. proton decay,
are discussed in Sec. 6.4.
6.1. Monopoles bound in matter
During the last decades the induction technique has been mostly deployed in
searches for monopoles bound in matter, such as lunar rocks,187,188 meteorites,189,190
seawater,189 iron ores191 and ferromanganese nodules,189 by passing samples
through superconducting loops. With this method, a stringent upper limit on the
monopoles per nucleon ratio of ∼ 10−29 has been obtained.189,190 Moreover, as we
shall see in Sec. 7, SQUIDs have been used in experiments to look for monopoles
produced in high-energy collisions and trapped in Al and/or Be volumes.
Another widely used method is the extraction technique, which involves the
application of strong (≥ 5 T) magnetic field to samples, sufficient to dislodge the
bound monopoles, accelerate them to an appropriate velocity and identify them via
the high dE/dx loss in a scintillator or an NTD array. It has been used in the past
to search for monopoles in seawater, air and ocean bottom samples,192–195 as well
as material exposed in high-energy collisions, as we shall see in Sec. 7.3. A detailed
account of searches for monopoles bound in matter is provided in Ref. 13.
6.2. Traces in matter from past passages of monopoles
Another sort of experiment relies on ionization to look for traces of traversing
monopoles in ancient (4.6 × 108 yr) mica. The analysis involves a search for de-
fects in the molecular structure of the material caused by the propagation of a
monopole in a similar way as for plastic NTDs. The observed absence of monopole
tracks in the mica detector placed an upper limit of 10−17 to 10−16 cm−2s−1sr−1
on the flux of GUT monopoles having velocity β ∼ 3× 10−4 − 1.5× 10−3.196 This
was the first direct search for monopoles with adequate sensitivity to detect a flux
as small as the Parker flux limit.
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6.3. Direct cosmic searches
Searches for non-relativistic monopoles14,197 have been performed on underground,
surface and balloon-borne experiments targeting GUT monopoles spanning masses
of 100–104 TeV with a velocity range of 10−5 < β < 1. When considering down-
going monopoles, the main background sources are cosmic-ray muons and natural
radioactivity, which can be partly rejected by two classes of detection methods, also
applicable to heavy stable electrically charged particles. The first method, suitable
for very slow monopoles, is based on a time-of-flight measurement or a wide signal
in a thick detector plate. The second method is complementary to the first and pro-
vides sensitivity for less massive and faster monopoles and involves anomalously high
ionization energy loss. As of to date, there is no experimental evidence for cosmic
magnetic monopoles, only bounds on their flux as a function of mass and velocity.
The present limits for slow-moving monopoles are summarized in Fig. 14.198
Fig. 14. 90%-CL upper limits versus velocity β for a flux of cosmic GUT monopoles with magnetic
charge of g = gD. The Parker bound is given in (89), whereas the extended Parker bound (EPB)
refers to (90). Results from the following experiments are shown: Ohya,199 Baksan,200 Soudan 2,201
Kolar Gold Field (KGF),202 SLIM203 and MACRO.204 From Ref. 198.
MACRO205 was a large underground detector operated in the Gran Sasso lab-
oratory during the 1990s at a depth of more than 3,100 m of water equivalent. It
provided the best limits for super-heavy GUT monopoles up to date with a sensitiv-
ity that covers most of the phase space in Fig. 14, mostly thanks to the redundancy
and complementarity of the various detector components it was comprising: liquid
scintilation counters; limited streamer tubes; and NTDs.204,206–208 However, due to
its underground location, it was not sensitive to lower-energy monopoles, which are
blocked by the Earth. As shown in Fig. 14, the upper limit to the local monopole
flux set is 1.4× 10−16 cm−2s−1sr−1, i.e. well below the Parker bound in almost all
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the β range for GUT monopoles.204
Besides some (early) sea-level NTD experiments,209–211 underground experi-
ments include the Ohya stone quarries near Tokyo, which used a 2,000 m2 ar-
ray of CR-39 NTDs. As shown in Fig. 14, it placed an upper flux limit of
3.2×10−16 cm−2s−1sr−1 in monopoles in the velocity range of 4×10−5 < β < 1.199
Another telescope, deployed at Baksan200 in Russia, used liquid scintillation coun-
ters to probe both slow (Baksan1) and fast (Baksan2) monopoles. Soudan 2201 in the
United States, on the other hand, was a large fine-grained tracking calorimeter com-
posed of long drift tubes. Similar techniques were used earlier by other nuclear-decay
detectors, namely the tracking calorimeter, Kolar Gold Fields (KGF)202 deployed
in India and the Mont-Blanc Nucleon Stability Experiment,212 which used plastic
streamer tubes; both detectors placed looser flux bounds than MACRO, Ohya and
Baksan.
The SLIM detector, on the other hand, installed at high altitude at the Mt
Chacaltaya laboratory in Bolivia with an elevation of 5,400 m, probed a region for
intermediate-mass monopoles (105 . M . 1012 GeV), well below the GUT scale,
which do not have enough energy to penetrate the entire atmosphere. The SLIM
NTDs array covered an area 427 m2 that after four years of exposure no signal of
magnetic monopoles was observed and set the limits203 shown in Fig. 14 for single
magnetic charge. This detector was also sensitive to monopoles of charge 2gD in the
range 4× 10−5 < β < 1.
NOνA is a long-baseline neutrino experiment studying neutrino oscillations in
the Fermilab NuMI beam. The far detector, located at the surface, consists of liquid
scintillator cells read out at both ends by avalanche photodiodes. This detector has
the potential to cover a still unexplored phase-space region of intermediate-mass
slow monopoles due to its location on the surface and large surface area. To this
effect, a dedicated data-driven trigger for slow monopoles has been designed. After
a three-month exposure, upper flux limits in monopoles of mass 107–1019 GeV and
10−3 . β . 0.2 have been placed.213
Relativistic monopoles can be sought through the emittance of Cherenkov radia-
tion, when traveling through a homogeneous and transparent medium such as ice or
water, which can be detected by neutrino telescopes, which feature arrays or strings
of photomultiplier tubes. Neutrino telescopes such as Baikal,214 AMANDA,215
ANTARES,216,217 IceCube218,219 were/are sensitive to the huge quantity of vis-
ible Cherenkov light emitted by a monopole with β > 0.75 (direct Cherenkov).
Additional light is produced by Cherenkov radiation from δ-ray electrons along the
monopole path for velocities down to β = 0.625 (indirect Cherenkov). Furthermore,
luminescence may be induced by molecular excitation of the medium for monopole
velocities of β > 0.01.220,221 The second phase of the Antarctic Muon And Neutrino
Detector Array (AMANDA-II), the predecessor of IceCube, set an upper limit on
β = 1 monopoles flux of 3.8 × 10−17 cm−2s−1sr−1.215,222 Recent results for rela-
tivistic monopoles from MACRO,204 ANTARES217 and IceCube219,223 are depicted
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in Fig. 15. As is the case for neutrinos, a large background from cosmic muons in-
hibits searches for downgoing candidates; upgoing monopoles having traversed the
Earth before reaching the detector are probed instead. It is worth noting that GUT
supermassive monopoles are unlikely to reach (nearly) relativistic velocities.
Fig. 15. 90%-CL upper limits versus velocity β for a flux of very energetic cosmic GUT monopoles
with magnetic charge of g = gD. The IceCube 86 DC nucleon-decay analysis is based on the Ice-
Cube DeepCore.223 Results from MACRO,204 ANTARES,216 RICE,224 BAIKAL,214 ANITA,225
Auger226 are superimposed on IceCube limits from direct (IceCube 40)218 and indirect (IceCube
86)219 Cherenkov light.219 The Parker bound is given in (89). From Ref. 227.
The flux of ultra-relativistic monopoles has been constrained by the Pierre
Auger Observatory, which was sensitive to monopoles with Lorentz factor values
γ ∼ 109–1012, leading to flux limits in the range 2.5×10−21−10−15 cm−2s−1sr−1.226
Two other experiments exploited the radio-wave pulses from the interactions of a
primary particle with ice to search for monopoles. The Radio Ice Cherenkov Ex-
periment (RICE), consisting of radio antennas buried in the Antarctic ice, set a
flux upper limit of 10−18 cm−2s−1sr−1 at 95% CL for intermediate-mass monopoles
with 107 < γ < 1012 and a total energy of 1016 GeV.224 The ANITA-II balloon-
borne radio interferometer, on the other hand, set a 90%-CL flux upper limit on
the order of 10−19 cm−2s−1sr−1 for a Lorentz factor γ > 1010 at a total energy of
1016 GeV.225
6.4. Searches through catalysis of nucleon decay
Signals of a monopole-induced decay of a nucleon, as predicted by the Callan-
Rubakov mechanism57–59 and discussed earlier in Sections 3.2 and 5.4, have been
sought, which are sensitive to the assumed value of the catalyzed-decay cross sec-
tion σcat. These signals are ideal for probing ultra-heavy sub-relativistic monopoles.
Searches have been made with the Soudan228 and MACRO229 experiments, using
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tracking detectors. Searches at the Irvine-Michigan-Brookhaven detector (IMB),230
the underwater Lake Baikal experiment231 and the IceCube experiment223 which ex-
ploit the Cherenkov effect have also been performed. The resulting β-dependent flux
limits from these experiments typically lie in the range 10−18–10−14 cm−2s−1sr−1,
as shown in Fig. 15. A search for low-energy neutrinos, assumed to be produced from
induced proton decay in the Sun, was made at Super-Kamiokande.232 A model- and
β-dependent of limit of 6.3× 10−24(0.001β)2 cm−2s−1sr−1 was obtained.
7. Searches in Colliders
Present and proposed future accelerators feature a center-of-mass energy of
O(10 TeV), thus it is virtually impossible to search for GUT monopoles in these
machines. Nevertheless, searches have been carried out to detect direct or indirect
signals of lower-mass monopoles. Searches have been performed at hadron–hadron,
electron–positron and lepton–hadron experiments, mostly directly using scintilla-
tion counters, gas chambers and NTDs, taking advantage of the monopole high-
ionization power. Other analyses focus on exposed material for trapped monopoles
or peculiar magnetic-charge trajectories. In addition, virtual-monopole processes en-
hancing production rates of certain final states have also been considered as indirect
probes for monopoles.
The last few years, the monopole searches interest has been shifted to the LHC,
which is the largest and highest-energy particle collider to-date.30 It was built at
CERN between 1998 and 2008 in the existing LEP tunnel of 27 km in circumference
beneath the France–Switzerland border near Geneva. The LHC primarily collides
proton beams, yet heavy-ions have been collided since its operation startup in 2010.
Since then it has collided protons at the record center-of-mass energy of 7, 8 and
13 TeV during two running periods: Run 1 (2010–2012) and Run 2 (2015–2018).
7.1. Direct monopole production mechanisms
Direct monopole pair production in colliders can proceed via two processes: a Drell-
Yan-like (DY) process in photon s-channel intermediation (see Fig. 16a) and a
photon-fusion t-channel diagram122,123,125 (see Fig. 16b). For both mechanisms,
duality arguments justify an effective β-dependent magnetic charge in monopole-
matter scattering processes, with β defined in (67) and discussed in Sec. 4.1, which
might also characterize monopole production.125
An important cautionary remark, already mentioned in Sec. 4.2, is reiterated
here. In both cases, the monopole pair couples to the photon via a coupling that
depends on gD and hence it is O(10). This large monopole–photon coupling inval-
idates any perturbative treatment of the cross-section calculation and hence any
result based on it is only indicative and used merely to facilitate comparisons be-
tween experiments. On the contrary, the upper bounds placed on production cross
sections are solid and can be safely relied upon.171
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Fig. 16. Monopole M pair production diagrams in hadron colliders: Drell-Yan (a) and via photon
fusion (b).
This situation may be resolved if thermal Schwinger production of monopoles
in heavy-ion collisions is considered.144 This mechanism becomes effective in the
presence of strong electromagnetic fields and does not rely on perturbation the-
ory, therefore it overcomes these limitations.25,26,146,147 This mechanism has been
treated in detail in Sec. 4.3.
Another possibility is the photon-fusion production for fermionic and vector bo-
son monopoles with a β-dependent coupling. A magnetic-moment term proportional
to a phenomenological parameter κ is added to the effective Lagrangians for spins
1/2 and 1.125 As argued in that work, by applying the patchwise covering of space
around the monopole (see Fig. 3 and relevant discussion in Sec. 2), the DQC is
not affected by the introduction of this parameter. Unitarity of the effective field
theory for vector (spin-1) monopoles requires the value κ = 1. The lack of unitarity
and renormalizability for an arbitrary κ 6= 1 value is not an issue, given that the
microscopic high-energy (ultraviolet) completion of the models considered above is
unknown. Thus unitarity may be restored in such models by high-energy modes of
New Physics in the ultraviolet energy regime.
The possibility to use the parameter κ in conjunction with the monopole ve-
locity β to achieve a perturbative treatment of the monopole–photon coupling was
introduced in Ref. 125. Indeed, by limiting the discussion to very slow (β  1)
monopoles, the perturbativity is guaranteed, however, at the expense of a vanishing
cross section in DY production. Nonetheless it turns out that the photon-fusion
cross section remains finite and the coupling is perturbative at the formal limits
κ→∞ and β → 0 when the following condition is met:
gκβ2 < 1, (91)
provided one is using a β-dependent magnetic charge.28,121 An effective field theory
for the monopole–photon interaction126 supporting this latter point of view has
been discussed in Sec. 4.1. Such a treatment opens up the possibility to interpret
the cross-section bounds set in collider experiments233,234 in a proper way, thus
yielding sensible monopole-mass limits.
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7.2. Virtual monopoles and monopolia
Virtual monopoles have been suggested to mediate processes giving rise to multi-
photon final states via the “box diagram” shown in Fig. 17a.235,236 Photon-based
searches have been carried out by D0237 at the Tevatron and L3238 at LEP. The
D0 analysis led to spin-dependent lower mass limits of between 610 and 1580 GeV,
whilst L3 reported a lower mass limit of 510 GeV. However, the uncertainties of the
cross-section calculations used to derived these limits are difficult to estimate.28,239
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(b) Monopolium production
Fig. 17. Monopole-related diphoton production: Light-by-light scattering through a monopole
loop (a) and monopolium MM production via γ-fusion (b).
Indirect searches for monopoles can also proceed by seeking the monopo-
lium,149–151 a bound state of a monopole and an antimonopole, previously discussed
in Sec. 4.4. Most of the monopolium studies follow the low-energy effective theory
of Ginzburg and Schiller.240,241 This theory is based on the standard electroweak
theory where the monopole is coupled to the photon and weak bosons assuming
that its mass is much larger than the Z mass and that the monopole interacts with
the fundamental fields of the SU(2)⊗U(1) theory before symmetry breaking. This
object can be produced via photon fusion, as shown in Fig. 17b, in e+e− annihila-
tion152,155 and in high-energy proton–(anti)proton collisions,124,153,240 with some
specific predictions given in Refs. 154, 242.
Monopolium is a neutral state, hence it is difficult to detect directly at a collider
detector, however its decay into two photons (see Fig. 17b) would give a rather clear
signal in the ATLAS and CMS detectors.124,242 Moreover, monopole–antimonopole
annihilation and a lightly bound monopolium may lead to multi-photon events (four
and more photons in the final state), while for a strongly bound monopolium —
although diphoton events are dominant — four- and six-photon event production is
also sizable.156 The monopolium has lower mass than the monopole–antimonopole
pair and, depending on the binding energy Ebinding, may feature a much larger
production cross section at the LHC for the same monopole mass, as shown in
Fig. 18.
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Fig. 18. Indicative pp cross sections for monopolium (red curve) and monopole-pair (blue curve)
production from photon fusion as a function of the monopole mass m. The monopolium has a mass
M = 2m−|Ebinding|, where Ebinding is the (varying) monopole–antimonopole binding energy. The
monopolium is more abundantly produced than the monopole pair for the same monopole mass.
Details on cross-section calculation can be found in Ref. 153.
At LHC indirect searches for monopoles and monopolia can be performed by
the ATLAS and CMS experiments with diphoton and multi-photon events. These
searches can use forward-proton tagging to probe lower masses in photon-intiated
central exclusive production.243 The latter may have increased sensitivity in ultra-
peripheral γγ collisions (UPCs) in heavy-ion collisions.244 The direct observation
of light-by-light scattering at the LHC75 by ATLAS73 and CMS74 in Pb-Pb UPCs
opens up the possibility to explore monopole-pair and monopolium diphoton signa-
tures.
The existence of both monopole pairs and monopolia can be probed via the scat-
tering of charged particles off them.129,130,245 If they are produced in proton colli-
sions at the LHC, the beam particles interact with the effective magnetic dipole they
represent and they are deflected in off-forward directions. Monopole–antimonopole
pairs lead to a sizable effect and thus the effect is suitable for detection in ATLAS,
CMS and LHCb.130 Other speculative suggestions for the detection of monopolium
is its breaking up in the medium into highly ionizing dyons, which subsequently can
be detected in MoEDAL, or through its decay via photon emission which would
produce a peculiar trajectory in the medium, should the decaying states are also
magnetic multipoles.24
7.3. Past direct searches
Several collider experiments utilized a variety of techniques to search for magnetic
monopoles in the past. In most of these analyses, results were expressed as upper
limits on production cross sections versus the monopole mass, under the ansatz that
the kinematics of monopole–antimonopole pair production was determined by the
Drell-Yan production. Others proceeded to set mass limits, assuming a (leading-
order) DY total cross section. As thoroughly discussed in Sections 4 and 7.1, this
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process, as well as the photon fusion, cannot be used to calculate the rate and
kinematic properties of produced monopoles, since perturbative field theory is not
applicable. The set bounds are therefore only indicative and serve as means for anal-
ysis optimization and, to a lesser degree, for comparison purposes between different
experiments. This issue may be sorted out by the thermal production in heavy-ion
collisions or by considering events at a kinematic limits in photon-fusion production,
as outlined in Sec. 7.1.
The most recent direct searches for monopoles at the Tevatron were carried
out by the CDF246 and the E882247,248 experiments. The CDF collaboration used
a time-of-flight system with a dedicated trigger requiring large light pulses in the
scintillators249 and an offline selection requiring large dE/dx tracks not curving in
the plane perpendicular to the magnetic field. With 35.7 pb−1 of pp¯ collisions at√
s = 1.96 TeV, this analysis yielded a monopole production cross-section limit of
0.2 pb for monopole masses in the range 100–700 GeV and a mass limit of 360 GeV
for the DY process.246
The E882 experiment, also known as the “Oklahoma experiment”, employed the
induction technique to search for stopped monopoles in discarded material, such as
a Be beam pipe and other Pb and Al parts of the CDF and D0 detectors exposed
to ∼ 172 pb−1 (D0) and ∼ 180 pb−1 (CDF) proton–antiproton collisions.247,248
Upper cross-section limits of 0.6, 0.2, 0.07 and 0.02 pb were obtained for magnetic
charges of gD, 2gD, 3gD and 6gD assuming a uniform monopole–antimonopole pair
production. These bounds are translated into 265, 355, 410 and 375 GeV lower
mass limits for a DY-like cross-section calculation.248 An interesting study was
performed by assuming three different angular distribution dσ/d cos θ scenarios for
the monopole production: constant, 1 + cos2 θ and 1 − cos2 θ. This variation leads
to a ±15 GeV spread in the obtained mass limits.
Earlier searches250–252 at the Tevatron used NTDs, such as polycarbonate stacks,
CR-39 plastic and BP-1 glass sheets, and were based on comparatively modest
amounts of integrated luminosity at
√
s = 1.8 TeV pp¯ collisions. An upper limit on
the production of magnetic monopoles with mass lower than 850 GeV was set at
a cross section of 200 pb at 95% CL.252 Lower-energy hadron–hadron experiments
have employed a variety of search techniques including plastic track detectors at
the CERN ISR253 and Spp¯S254 and the extraction method to search for trapped
monopoles (see also Sec. 6.1) in proton beam dumps of 300-GeV255 and 400-GeV256
at Fermilab and the CERN ISR.257
Regarding e+e− colliders, the only LEP-2 search was made by OPAL based on
62.7 pb−1 of data collected on average at
√
s = 206.3 GeV.258 By searching for two
back-to-back particles with an anomalously high dE/dx in the tracking chambers, an
average upper limit of 0.05 pb was acquired on the monopole-pair-production cross
section in the mass range 45–102 GeV. Earlier at LEP-1, NTDs deployed around the
interaction point, allowing probing high charges for masses up to ∼ 45 GeV. Specif-
ically, the L6-MODAL experiment259 set limits for monopoles with charges in the
range 0.9–3.6gD, while a previous search by the MODAL experiment was sensitive
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to magnetic charges as low as 0.1gD.
260 The deployment of NTDs around the beam
interaction point was also used at e+e− facilities of lower collision energies such as
PEP261,262 at SLAC, PETRA263 at DESY and the TRISTAN ring264,265 at KEK.
Other detection techniques such as non-helical trajectories have been performed at
e+e− colliders with the CLEO266 detector at Cornell and the TASSO267 detector
at PETRA.
Up to now the only search for monopole production in lepton–hadron scattering
used the induction method on the Al beam pipe used by the H1 experiment at
HERA exposed to e+p collisions at
√
s = 300 GeV.268 Parts of the beam pipe
were scanned by a SQUID magnetometer with a sensitivity as low as 0.1gD and
no monopoles were found. With an integrated luminosity of 62 pb−1, upper limits
on the monopole pair production cross section were set for magnetic charges in the
range 1–6gD for masses up to ∼ 140 GeV.
Nowadays, searches for monopoles produced at the highest available energies in
hadron-hadron collisions are being carried out in pp collisions at the LHC30 by the
ATLAS31 and MoEDAL32 experiments utilizing different detection techniques, as
elaborated in Sec. 7.4 and Sec. 7.5, respectively.
7.4. Searching for monopoles with ATLAS
ATLAS (A Toroidal LHC ApparatuS)31 is the largest, general-purpose particle de-
tector experiment at the LHC at CERN, designed to measure the broadest possible
range of SM properties and signals of New Physics. In 2012, together with the CMS
experiment, the ATLAS Collaboration announced the discovery of a particle consis-
tent with the Higgs boson.269 The ATLAS detector consists of a series of concentric
cylinders around the interaction point where the proton (or heavy-ion) beams from
the LHC collide. It is divided into four major parts, namely the Inner Detector,
the calorimeters (electromagnetic and hadronic), the Muon Spectrometer and the
magnet systems. The Inner Detector consists of silicon detectors and the Transition
Radiation Tracker (TRT),270,271 which is a combination of a straw tracker and a
transition radiation detector.
In ATLAS, searches for magnetic monopoles have been performed on 7 TeV,272
on 8 TeV273 and recently on 13 TeV274 data using the TRT sensitivity to high-
ionization signals. The 13 TeV analysis used 34.4 fb−1 of data recorded during
2015–2016 and relied on a dedicated trigger for highly ionizing particles, which
made use of two dE/dx variables: (i) the fraction of TRT hits passing a predefined
high threshold (HT), fHT, and (ii) the number of hits in the TRT passing the HT,
NHT. The discriminating variables used in this search were the energy dispersion in
the electromagnetic calorimeter,275 w, and the fHT. The energy dispersion measures
the fraction of the cluster energy contained in the most energetic cells of a cluster
in each of the layers of the electromagnetic calorimeter, in order to identify the
characteristic “pencil-shape” energy deposit of the signal. Figure 19a shows the
2D distribution of w and fHT for data and a hypothetical magnetic-charge signal
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of 1gD.
274 It is evident that the variables w and fHT are strongly discriminating
and thus monopoles can be sought after in signal region A with a low expectation
of background events. This background was estimated in a data-driven way and
validated in the regions B, C and D.
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Fig. 19. ATLAS monopole analysis at 13 TeV. (a) Two-dimensional distribution of the two dis-
criminating variables fHT versus w in data (color scale) and a typical HIP signal (green squares).
The regions for defining the signal (A) and for the background estimate and background validation
(B, D and C) are indicated. (b) 95% cross-section upper limits (dashed lines) and theoretical cross
sections (solid lines) for magnetic monopoles with spin 0 and various magnetic charges. From 274.
No excess of data events was observed and this search result was interpreted as-
suming the Drell-Yan production process with modified electromagnetic couplings,
as seen in Fig. 21 for the case of a scalar monopole.274 The analysis was sensi-
tive to magnetic charges of 1gD ≤ |g| ≤ 2gD and set limits for spin-0 and spin-1/2
monopoles. The search excluded monopoles with a magnetic charge of 1gD (2gD) up
to masses of 2125 GeV (2370 GeV) for a spin-1/2 hypothesis of the particle. These
limits are the most stringent bounds placed by an LHC experiment on magnetic
charges of 1gD ≤ |g| ≤ 2gD to-date. In a previous 8 TeV analysis,273 a model-
independent upper limit on the production cross section of 0.5 fb was obtained for
signal particles with magnetic charge in the range 0.5gD ≤ |g| ≤ 2gD.
7.5. The MoEDAL experiment
MoEDAL (Monopole and Exotics Detector at the LHC)32 is designed to search for
manifestations of New Physics through highly ionizing particles in a manner com-
plementary to ATLAS and CMS.276 Its main motivation is to pursue the quest for
magnetic monopoles at LHC energies, nonetheless, the detector is also designed to
search for any massive, long-lived, slow-moving particles11,13 with single or multi-
ple electric charges arising in many scenarios of physics beyond the SM,24 such as
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supersymmetry277–279 and D-particles.91–93,95
7.5.1. The MoEDAL detector
The MoEDAL detector24,32 is deployed around the intersection region at Point 8 of
the LHC in the LHCb experiment Vertex Locator cavern. It is a unique and largely
passive LHC detector comprising four subdetector systems.
Nuclear track detectors The main subdetector system is made of a large array
of CR-39, Makrofol® and Lexan™ NTD stacks surrounding the intersection
area. The analysis procedure outlined in Sec. 5.1 is followed for each plastic
sheet and then each one is scanned looking for aligned etch pits in multiple
sheets. The MoEDAL NTDs have a threshold of z/β ∼ 5, where z is the
charge and β = v/c the velocity of the incident particle.
Another type of (relatively high-threshold) NTD installed is the Very High
Charge Catcher (z/β ∼ 50). It consists of two flexible low-mass stacks of
Makrofol®, deployed in the LHCb acceptance between RICH1 and the
Trigger Tracker. It is the only NTD (partly) covering the forward region,
adding only ∼ 0.5% to the LHCb material budget while enhancing consid-
erably the overall geometrical coverage of MoEDAL.
Magnetic trappers A unique, for an LHC experiment, feature of the MoEDAL
detector is the use of magnetic monopole trappers (MMTs) to capture mag-
netically charged HIPs. The aluminium absorbers of MMTs are subject
to an analysis looking for magnetic monopoles or dyons at the SQUID
magnetometer facility at ETH Zurich,280 following the induction technique
described in Sec. 5.2. The advantage of this method is that it is fast and al-
lows for a virtually infinite number of measurements for any sample showing
signal-like behavior.
TimePix radiation monitors The only non-passive MoEDAL subdetector is an
array of MediPix pixel devices distributed throughout the MoEDAL cav-
ern, forming a real-time radiation monitoring system of beam-related back-
grounds, such as spallation products. The operation in time-over-threshold
mode allows a 3D mapping of the charge spreading in the volume of the
silicon sensor, thus differentiating between various particles species from
mixed radiation fields and measuring their energy deposition.
7.5.2. Searches for monopoles and dyons in MoEDAL
As explained in Sec. 5.2, the high charge of a monopole, expected to be at least one
Dirac charge gD = 68.5e (5), implies a strong magnetic dipole moment, which in turn
may result in a strong binding of the monopole with the 2713Al nuclei of the MoEDAL
MMTs. In such a case, the presence of a monopole trapped in an aluminum bar of
an MMT would be detected through the existence of a persistent current, defined
as the difference between the currents in the SQUID of a magnetometer before and
64 N. E. Mavromatos and V. A. Mitsou
after the passage of the bar through the sensing coil.
The MoEDAL experiment published its first physics analysis paper in 2016 based
on the MMT data taken at the collision energy of 8 TeV during 2012 in Run 1.281
Model-independent cross-section limits were obtained in fiducial regions of monopole
energy and direction for 1gD ≤ |g| ≤ 6gD. Since then it has released more MMT
results from exposures to 13 TeV pp collisions in LHC Run 2.282–284
In its most recent search for monopoles, MoEDAL used data taken at a center-of-
mass energy of 13 TeV with a delivered integrated luminosity of 4.0 fb−1.284 In this
search, the photon-fusion monopole production mechanism, characterized by much
higher cross-section than DY at LHC energies,125 was considered for the first time
at LHC when interpreting such results. Different monopole–photon couplings were
assumed — both β-independent and β-dependent —, different spins of monopole
(spin 0, 1/2 and 1) and both Drell-Yan and photon-fusion production mechanisms.
This interpretation used the results of a detailed phenomenological study which
compared Drell-Yan and photon-fusion mechanisms for both assumptions of the
photon–monopole coupling.125
In this analysis, the full MoEDAL trapping detector, consisting of 794 kg of
aluminium samples installed in the forward and lateral regions, was analyzed by
searching for induced persistent currents after passage through the SQUID mag-
netometer at ETH Zurich. The measurements were compatible with the absence
of monopoles and therefore magnetic charges equal to or above the Dirac charge
were excluded in all samples.284 Cross-section upper limits as low as 11 fb were set,
improving previous limits of 40 fb also set by MoEDAL.283 Mass limits in the range
1500–3750 GeV were set for magnetic charges up to 5gD for monopoles of spins 0,
1/2 and 1 — the strongest to-date at a collider experiment171 for charges ranging
from 3gD to 5gD.
In Fig. 20a, cross-section upper limits are shown for spin-1/2 monopoles, for
β-dependent coupling and for various magnetic charges, together with the leading-
order calculations for the combined photon-fusion and Drell-Yan mechanisms. The
weaker limits for |g| = gD, when compared to higher charges, are mostly due to loss
of acceptance from monopoles punching through the trapping volume. For higher
charges, monopoles ranging out before reaching the trapping volume decrease the
acceptance for DY monopoles with increasing charge. Under the assumption of
simultaneous photon-fusion and Drell-Yan production, mass limits are derived for
1gD ≤ |g| ≤ 5gD with MoEDAL,284 complementing previous results from ATLAS274
presented in Sec. 7.4, as shown in Fig. 21.
Furthermore, these MMT scanning results, corresponding to 2015–2017 expo-
sure, were interpreted recently in terms of dyon production;285 the very first search
for dyons in a collider experiment. The direct DY production of dyon–antidyon
pairs was considered and cross-section upper limits as low as 30 fb were placed.
Mass limits in the range 830–3180 GeV were set for dyons with magnetic charge up
to 6gD, for electric charge from 1e to 200e and for spins 0, 1/2 and 1. Cross-section
limits for scalar dyons of magnetic charge 3gD and electric charges ranging from 15e
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(a) Monopole limits (b) Dyon limits
Fig. 20. MoEDAL 95% upper limits on production cross sections (dashed lines) and theoretical
cross-section calculations at leading order (solid lines). (a) Limits for fermionic magnetic monopoles
and β-dependent coupling, where the various line colors correspond to different magnetic charges.
From Ref. 284. (b) Limits for scalar dyons of magnetic charge 3gD and β-independent coupling,
where the various line colours correspond to different electric charges ranging from 15e to 200e.
From Ref. 285.
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Fig. 21. Magnetic monopole mass limits from CDF,246 ATLAS273,274 and MoEDAL
searches281,283,284 as a function of magnetic charge for various spins, assuming Drell-Yan pair-
production mechanism and a beta-independent coupling. The MoEDAL projection for LHC Run 3
assuming a 30 fb−1 integrated luminosity and combined NTD and MMT data is superimposed.
to 200e are shown in Fig. 20b. The total dyon energy loss is the sum of the energy
losses due to the electric and the magnetic charge.
An overview of the monopole mass limits for DY production and β-independent
coupling set by CDF,246 ATLAS273,274 and MoEDAL281,283,284 is given in the graph
of Fig. 21 for various magnetic charges. The ATLAS bounds are better that the
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MoEDAL ones for |g| ≤ 2gD due to the higher luminosity delivered in ATLASh
and the loss of acceptance in MoEDAL for small magnetic charges. On the other
hand, higher charges are difficult to be probed in ATLAS due to the limitations of
the electromagnetic-calorimeter-based level-1 trigger deployed for such searches. A
comparison of the upper limits on monopole production cross sections set by other
colliders with those set by MoEDAL is presented in Refs. 171, 286, 287.
8. Summary and Outlook
The existence of magnetic monopoles, if confirmed experimentally, would modify our
understanding of Electromagnetism, rendering the Maxwell equations fully symmet-
ric. The Dirac electric-charge quantization condition is a beautiful consequence of
the existence of monopoles and hence it represents an extremely appealing motiva-
tion for studying and looking for isolated magnetic charges.
A wide range of theoretical microscopic models of magnetic monopoles, ranging
from string/brane and GUT theories to (extensions of) the Standard Model, have
been proposed. Some relatively recent developments support the existence of stable
monopole with masses of the order of the electroweak scale. The classic monopole
solution of ’t Hooft-Polyakov exists in GUT models; some variants of this construc-
tion based on the Georgi-Glashow model with real Higgs triplet fields, occur in
some string-inspired models with a Kalb-Ramond antisymmetric tensor field, or in
some extensions of the Standard Model, with right-handed neutrinos. The Cho-
Maison electroweak monopole and its finite energy variants in theories beyond the
Standard Model, such as the Born-Infeld theory, have been considered. Other sce-
narios predict dyonic D-brane solutions and the resulting dyonic black holes under
appropriate compactifications, as well as some new objects that exhibit a smooth
topology-change interpolation between a monopole-like solution (asymptotically far
away from the object’s position in space) and a dipole (near the origin). The inter-
est in magnetic monopole searches, both at colliders and in the Cosmos, has been
revived in the past few years also due to the construction of the aforementioned
theoretical models which predict relatively light monopoles, with masses of order of
the electroweak scale, thus accessible, in principle, at colliders.
Important ongoing developments in the phenomenolgy of the magnetic
monopoles have addressed the building of effective field theories describing monopole
interactions with matter, in particular the production of monopole–antimonopole
pairs at colliders or from the vacuum a` la Schwinger. The feasibility of the produc-
tion of such monopoles depends on their composite or fundamental (Dirac) nature.
The results may be very different; for instance, the composite monopole production
is expected to be strongly suppressed at colliders, based on some arguments, but
hA factor of ∼ 20 less luminosity was delivered to MoEDAL than ATLAS during LHC Run 2 due
to the operation requirements of the LHCb experiment. This factor is planned to be reduced to
∼ 10 in the upcoming Run 3.
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this is not the case if they are thermally produced from the vacuum in the presence
of high temperatures and external magnetic fields, a situation met, for instance, in
neutron stars and heavy-ion collisions. Monopoles can potentially play a role as dark
matter candidates through their connection with (hidden) dark sectors. The forma-
tion of a bound state of monopoles (monopolium) in high-energy collisions may
be more abundant than a monopole pair of the same mass, offering an additional
handle in the hunt for monopoles.
Numerous monopoles searches have beed carried out for decades by utilizing
diverse detection techniques in both observational facilities and experiments in col-
liders. The CERN LHC, being the most powerful collider to-date, leads this effort via
two complementary detection approaches applied by the ATLAS and MoEDAL ex-
periments. ATLAS is more sensitive in low magnetic charges, while MoEDAL has set
the stringent bounds in high charges. As shown in Fig. 21, the projected MoEDAL
reach for Run 3 at
√
s = 14 TeV, combining low-threshold NTDs and MMTs is
as high as ∼ 3 TeV for an integrated luminosity of 30 fb−1, if only Drell-Yan pro-
duction is assumed. The large monopole–photon coupling makes such cross-section
calculations unreliable, yet a proposal involving the thermal Schwinger production
of monopoles in heavy-ion collisions may overcome this limitation.147 Moreover, the
introduction of a magnetic-moment phenomenological parameter κ combined with
a β-dependent coupling may lead to a perturbative treatment of the cross-section
calculation in spin-1/2 and spin-1 monopoles.125
The possibility of analyzing decommissioned parts of the LHC beam-pipe system
at the ATLAS, CMS and LHCb/MoEDAL sites using the induction technique to
search for trapped magnetic monopoles has been proposed.288 In this context, the
MoEDAL experiment may serve as a formal platform for coordinating machining,
scanning and analysis work, in collaboration with interested ATLAS, CMS and
LHCb members. The Run 1 CMS beam pipe has already been handed over to
MoEDAL289 and the analysis is underway.
Furthermore, magnetic monopoles can be probed at the LHC indirectly in events
with multiple photons in the final state.124 Magnetic monopoles can enhance the
production of such events by participating in a box diagram. In addition, the produc-
tion and subsequent decay of a monopolium would also yield multiphoton events.156
In the cosmic front, neutrino telescopes, such as ANTARES and IceCube cur-
rently, and KM3NeT290 and IceCube-Gen2291 in the future, pursue the search for
GUT monopoles. Besides them, neutrino-oscillation experiments such as the cur-
rently running NOνA at Fermilab and the Iron CALorimeter (ICAL) detector, to
be built at the proposed India-based Neutrino Observatory (INO) facility,292 are
expected to be sensitive to magnetic monopoles in the sub-relativistic range.i
In addition to neutrino experiments, a large array of ∼ 10,000 m2 of plastic
CR-39 NTDs deployed at high altitude, the Cosmic-MoEDAL has been proposed by
iThe detector sensitivity for a live-time of 10 yr is ∼ 1.6×10−16 cm−2s−1sr−1 for particles carrying
magnetic charge in the mass range from 107–1017 GeV with velocities β ∼ 0.001–0.7.292
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James Pinfold.293 Following the same approach as the SLIM experiment, Cosmic-
MoEDAL would be able to take the search for cosmic monopoles with velocities
β & 0.05 from the TeV scale to the GUT scale for monopole fluxes well below the
Parker bound. A possible site for the detector installation includes Mt Chacaltaya
in Bolivia at an altitude of 5,400 m.
Magnetic monopoles continue to fascinate in the fields of Particle Physics and
Cosmology. Exciting developments are being made in theoretical scenarios, while ex-
perimental advancements allow their exploration using diverse detection approaches.
Future prospects keep looking promising for this elusive particle.
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